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Htchaniaas  oi  Analogical  Ltarning 
Otdra  Santntr 

It  it  Midtly  acctpttd  that  tiailarity  is  a  kay  dtttrainant  of  traniftr.  In 
this  chapttr  I  suggsst  that  both  of  thsss  vtntrablo  tsrss  —  siniUrity  and 
traasftr  —  rtfsr  to  coaplox  notions  that  raquira  furthar  dif f arantiation.  I 
approach  tha  problaa  by  a  doubla  daeoopositiont  dacoapoting  tiailarity  into 
finar  tubclassat  and  dacoapoting  laarning  by  tiailarity  and  analogy  into  a  tat 
of  coaponant  subprocattat. 

Qna  thing  raaindt  ut  of  anothar.  Hantal  axparianca  it  full  of  aoaantt  in  which 
a  currant  situation  raaindt  ut  of  toaa  prior  axparianca  ttorad  in  aaaory. 
Soaatiaat,  such  raaindingt  laad  to  a  changa  in  tha  way  wa  think  about  ona  or 
both  of  tha  situations.  Haro  it  an  axaapla  raportad  by  Dan  Slobin  (partonal 
coaaunication,  April  198A).  His  daughtar,  Haida,  had  travollad  quits  a  bit  by 
tha  aga  of  thraa.  Qna  day  in  Turksy  tha  hoard  a  dog  barking,  and  raaarkad 

*0ogs  in  Turkay  aako  tha  taaa  sound  at  dogs  in  Aaarica...  Nayba 

all  dogs  do.  Do  dogt  in  India  sound  tha  taaa?” 

Hhara  did  this  quattion  coaa  froa?  According  to  Slobin  t  notabook,  *  Sha 
apparantly  noticad  that  whila  tha  paopla  toundad  diffsrant  froa  country  to 
country,  tha  dogt  did  not...”  Tha  fact  that  only  huaant  tpaak  diffarant 
languagot  nay  taaa  obvious  to  an  adult,  but  for  Haida  to  arriva  at  it  by 
obtorvation  autt  hava  raquirsd  a  soriat  of  insights.  Sha  had  to  coapara  paopla 
froa  diffarant  countrias  and  nota  that  thay  typically  sound  diffarant.  Sha 
alio  had  to  coapara  dogs  froa  diffarant  countrias  and  nota  that  thay  sound  tha 
saaa.  Finally,  in  ordar  to  attach  significanca  to  har  obsarvation  about  dogs, 
sha  oust  hava  drawn  a  parallal  —  parhaps  iaplicitly  —  batwaan  dogs  asking 
sounds  and  huaans  aaking  sounds  so  that  sha  could  contrast  *As  you  go  froa 


country  to  country,  pooplc  sound  difftront  but  dogs  sound  tht  sasc.‘  Thus  her 
oun  expiriintiai  coopirisons  led  her  to  the  beginnings  of  a  eajor  insight 
about  the  difference  between  huean  language  and  anieal  sounds. 


This  exaeple  illustrates  soee  of  the  power  of  spontaneous  reeindings. 
Spontaneous  reeindings  can  lead  us  to  sake  new  inferences,  to  discover  a 
coeeon  abstraction,  or,  as  here,  to  notice  an  ieportant  difference  between  two 
partly  sieilar  situations  (e.g.,  Ross,  19B7).  The  ultieate  aie  of  this  paper 
is  to  trace  learning  by  analogy  and  siailarity  froa  the  initial  reeinding  to 
the  final  storage  of  soee  new  inforaation.  Spontaneous  analogical  learning* 
can  be  decoaposed  into  subprocesses  of  (1)  accessing  the  base  systea;  (2) 
perforaing  the  aapping  between  base  and  target;  (3)  judging  the  soundness  of 
the  aatch;  (4)  storing  inferences  in  the  target;  and  soactiaes,  (S)  extracting 
the  coaaonalities  (Cleaent,  1961,  1983;  Sentner  b  Landers,  1985). 
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This  breakdown  suggests  that  we  exaaine  the  subprocesses  independently.  Once 
this  is  done,  it  will  becoae  clear  that  different  subprocesses  involved  in 
analogical  learning  are  affected  by  very  different  psychological  factors. 
Although  the  chronological  first  step  in  an  experiential  learning  sequence  is 
accfssiag  the  potestiai  ataieg,  I  will  postpone  the  discussion  of  access  until 
later  in  this  paper.  Instead,  1  begin  with  steps  (2)  and  (3)  —  axaiogicai 
■appiag  and  judging  analogical  soundnoss.  This  is  the  logical  place  to  start, 
because  it  is  these  processes  that  uniquely  define  analogy  and  allow  us  to  see 
distinctions  aeong  different  kinds  of  siailarity.  It  turns  out  that  the 
theoretical  distinctions  necessary  for  talking  about  analogical  aapping  are 
also  useful  for  talking  about  other  analogical  subprocesses. 
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1.  For  now,  I  w;ll  uis  the  ter#  'ar.alogical  lea.-n;ng"  to  refer  to  tctn 
learning  by  analogy  and  learning  by  literal  similarity.  Later  m  the  oacsr 
I  will  distinguish  analogy  and  similarity. 


Tht  pl«n  of  thi  popir  it  first,  to  dtscri&o  tho  coro  ttructurt-oappinq  thtory 
of  analogical  oapping,  using  a  cooputtr  sioulation  to  oaks  thi  points  clear; 
sccpnd,  to  offer  psychological  evidence  for  the  core  theory  of  analogical 
oapping;  and  finally  to  discuss  research  that  extends  the  fraoeHork  to  the 
larger  situation  of  analogical  learning. 

Analogical  Happing 

The  theoretical  fraeoNork  for  this  paper  is  the  structure-aapping  theory  of 
analogical  oapping  (Scntner,  1980,  1982,  1983,  198&;  Bentner  k  Bentner, 

1983).*  As  Palaer  U9B7)  states,  structure-aapping  is  concerned  first  with 
Hhat  Harr  (1982)  called  the  'coaputational  level*  and  what  Paleer  and  Kiachi 
(1983)  call  the  issue  of  *inf oraational  constraints*  that  define  analogy.  That 
is,  structure-aapping  aies  to  capture  the  essential  eleaents  that  constitute 
analogy  and  the  operations  that  are  coeputationally  necessary  in  processing 
analogy.  The  question  of  how  analogies  are  processed  in  real  tiee  —  that  is, 
the  question  of  which  algorithas  are  used,  in  Harr’s  tereinology,  or  which 
behavioral  constraints  apply,  in  Palaer  k  Kiachi 's  tereinology  —  will  be 
deferred  until  later  in  this  paper. 

The  central  idea  in  structure-aapping  is  that  an  analogy  is  a  sapping  of 
knowledge  froa  one  doaain  (the  base)  into  another  (the  target)  which  conveys 
that  a  systea  of  relations  that  holds  aaong  the  base  objects  also  holds  aaong 
the  target  objects.  Thus  an  analogy  is  a  way  of  focusing  on  relational 
coaaonalties  independently  of  the  objects  in  which  those  relations  art 
eabedded.  In  interpreting  an  analogy,  people  seek  to  put  the  objects  of  the 

2.  This  account  has  Ssnefitsd  from  the  comments  and  suggestions  of  mv 
colleagues  since  my  first  proposal  in  1980.  Here  and  there  I  will  indicate 
some  ways  in  which  the  theory  has  changed. 


bast  in  l^l  corrtspondtnct  Nith  tbt  objtcts  in  tht  targtt  so  as  to  obtain  tha 
■axitut  structural  aatch.  Qbjtcts  art  placed  in  corrtspondtnct  by  virtue  of 
thtir  likt  rolts  in  tht  cotton  ralational  structure;  there  docs  not  need  to  be 
any  rcsttblanct  betteen  the  targtt  objtcts  and  thtir  corresponding  base 
objects.  Central  to  the  tapping  process  is  the  principle  of  systetaticity: 
people  prefer  to  tap  connected  systtas  of  ralatiots  governed  by  higher-order 
relations  with  inferential  itport,  rather  than  isolated  predicates. 

Analogical  tapping  is  in  general  a  cotbination  of  natching  existing  predicate 
structures  and  itporting  net  predicates  (carryover).  To  see  this,  first 
consider  the  tto  extretes.  In  pure  Patching .  the  learner  already  knows 
sotething  about  both  dotains.  The  analogy  conveys  that  a  relational  systet  in 
the  target  dotain  aatches  with  one  in  the  base  dotain.  In  this  case  the 
analogy  serves  to  focus  attention  on  the  eatching  systee,  rather  than  to 
convey  new  knowledge.  In  pure  carryover,  the  learner  initially  knows  soeething 
about  the  base  doeain  but  little  or  nothing  about  the  target  doaain.  The 
analogy  specifies  the  object  correspondences  and  the  learner  sieply  carries 
across  a  known  systee  of  predicates  froe  the  base  to  the  target.  This  is  the 
case  of  eaxieal  new  knowledge.  Whether  a  given  analogy  is  chiefly  eatching  or 
napping  depends,  of  course,  on  the  state  of  knowledge  in  the  learner.  For 
exanple,  consider  this  analogy  by  Oliver  Wendell  Holees  Jr.:  'Many  ideas  grow 
better  when  transplanted  into  another  Bind  than  in  the  one  where  they  sprang 
up.*  For  soee  readers,  this  eight  be  an  instance  of  pure  napping:  by  ieporting 
the  knowledge  structure  froe  the  doaain  of  plant-growing  to  the  doeain  of 
idea-developaent  they  receive  a  conpletely  new  thought  about  the  latter 
doaain.  But  for  readers  who  have  entertained  sinilar  thoughts,  the  process  is 
aore  one  of  eatching.  The  effect  of  the  analogy  is  then  not  so  auch  to  leport 
new  knowledge  as  to  focus  attention  on  certain  portions  of  the  existing 


knowlcdgt.  Host  explanatory  analogies  are  a  coebination  of  eatching  and 
carryover.  Typically,  there  is  a  partial  aatch  betNScn  base  and  target 
systees,  shich  then  sanctions  the  ieportihg  of  further  predicates  froe  the 
base  to  the  target. 

A  clarification  aay  be  useful  here.  Soac  readers  have  interpreted  the 
systeaaticity  principle  to  aean  that  the  saae  set  of  predicates  should  aleays 
be  aapped  froa  a  given  base  doaain,  regardless  of  the  target  (Holyoak,  1985). 
By  this  construal,  the  interpretation  of  an  analogy  would  depend  only  on  the 
base  doaain.  This  is  a  aisunderstanding  of  structure-aapping.  The  only  case  in 
Mhich  the  aapping  depends  solely  on  the  base  doaain  is  when  nothing  is  known 
about  the  target  (the  pure  carryover  case).  In  the  noraal  case,  a  given  base* 
target  pair  produces  a  set  of  aatching  predicates.  Changing  either  aeaber  of 
the  pair  produces  a  different  set  of  aatching  predicates.  Systeaaticity 
operates  as  a  selection  principle)  aaong  the  aany  passible  predicate  aatches 
between  a  given  base  and  target,  it  favors  those  that  fora  coherent  systeas  of 
Butually  interconnecting  relations. 

To  illustrate  the  structure-aapping  rules,  we  turn  to  a  specific  exaaple:  the 
analogy  between  heat-flow  and  water-flow.  (See  Sentner  h  Jeziorski  (in  press) 
for  a  discussion  of  Carnot's  use  of  this  analogy  in  the  history  of  heat  and 
teaperature. )  Figure  1  shows  a  water-flow  situation  and  an  analogous  heat-flow 
situation  (adapted  froa  Buckley,  1979,  pp  15-25). 

I  will  go  through  this  analogy  twice.  The  first  tiae  I  give  the  analogy  as  it 
eight  occur  in  an  educational  setting  in  which  the  learner  knows  a  fair  aaount 
•bout  water  and  alaost  nothing  about  heat  flow.  Here  the  learner  is  given  the 
object  correspondences  between  water  and  heat  and  siaply  ieports  predicates 
froa  the  water  doeain  to  the  heat  doaain.  This  is  a  case  of  pure  carryover. 


Fiyurt  1 


Exaaplts  of  Physical  Situation  involving  (a)  Hater-flow  and  (b)  Heat-flow 


Thfl  second  tiee  I  give  the  anelogy  es  it  eight  occur  experientielly,  eith  the 
leerner  having  a  good  representation  of  the  eater  doaain  and  a  partial 
representation  of  the  heat  doaain.  Here  the  analogy  process  is  a  coabination 
of  aatching  existing  structures  and  iaporting  nee  predicates. 

The  heat/aater  analoovi  Pass  !_•  Figure  2  shoes  the  representation  a  learner 
aight  have  of  the  eater  situation.  He  atsuae  that  the  learner  has  a  very  eeak 
initial  representation  of  the  heat  situation,  and  perhaps  even  lacks  a  fira 
understanding  of  the  difference  beteeen  heat  and  teaperature.  This  neteork 
represents  a  portion  of  ehat  a  person  aight  knoe  about  the  eater  situation 
illustrated  in  the  previous  figure.^ 

The  learner  is  told  that  heat  floe  can  be  understood  just  like  eater  floe, 
eith  teaperature  in  the  heat  situation  playing  the  role  of  pressure  in  the 
eater  situation.  The  learner  is  also  given  the  object  correspondences 


heat  — >  eater;  pipe  — >  aetal  bar; 
beaker  — >  coffee;  vial  — >  ice. 


as  eell  as  the  function  correspondence 


PRESSURE  — >  TEMPERATURE. 


Hoe  the  learner  is  in  a  position  to  interpret  the  analogy.  Even  eith  the 
correspondences  given,  there  is  still  soae  active  processing  required.  In 
order  to  coaprehend  the  analogy  the  learner  aust 


This  notation  is  ecuivalsnt  to  a  predicate  calculus  representation:  I  use 
it  because  emphasicas  certain  structural  distinctions  that  the  norinal 
notation  does  not.  Ir  this  figure,  predicates  are  written  in  upper  case  and 
circled.  Objects  are  written  in  lower  case  and  uncircled.  See  Forbus  I 
Sentner  !1903.  1  92il'  ror  a  sore  detailed  representation  o^  the  heat-water 
analogy. 
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-  ignore  object  attributes,  such  as  CYLINDRICAL (beaker )  or  LIQUID (coffee) 

-  find  a  set  of  systeeatic  base  relations  that  can  apply  in  the  target, 
using  the  correspondences  given.  Here,  the  pressure-difference  structure 
in  the  eater  doaain 

CAUSE (BREATER-THANCPRESSURE (beaker) ,  PRESSURE (vial ) ] , 


A-' 


CFLQM(eater,  pipe,  beaker,  vial)}) 

-  is  sapped  into  the  teaperature-dif f erence  structure  in  the  heat  doaain 
CAUSE(6REATER-THAN[TEHPERATURE(coffee) ,  TENPERATURE(ice) 1 , 

CFLQN(heat,  bar,  coffee,  ice)}), 
and  discard  isolated  relations,  such  as 

6REATER-THANCDIAHETER (beaker) ,  OIANETER(vial ) } 

Figure  3  shoes  the  resulting  representation  in  the  target  doaain  of  heat-floe 
after  the  analogical  sapping. 

There  are  several  points  to  note  in  this  exaaple.  First,  the  object 
correspondences  —  heat/eater,  beaker/cof f ee,  vial/ice,  and  pipe/bar  —  and 
the  function  correspondence  PRESSURE/TENPERATURE*  are  deterained  not  by  any 
intrinsic  siailarity  beteeen  the  objects,  but  by  their  role  in  the  systeaatic 
relational  structure.  Systeaaticity  also  deteraines  ehich  relations  get 
carried  across.  The  reason  that 

4.  In  this  analogy,  the  function  PRESSURE  tn  the  Mater  donain  must  !:e  maoped 
onto  TEMPERATURE  in  the  heat  domain.  Like  objects,  functions  on  ob;ects  in 
the  base  can  be  put  in  correspondence  with  different  functions  m  the 
target  in  order  to  oermit  mapping  a  larger  systematic  chain,  as  discussed 
bel ON. 
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Figurt  3 

A  Representation  o<  the  Heat  Situation  that  results  ^roe  the  Heat/Water 

Analogy 
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GREATER-THANCPRESSURECHattr,  beaker),  PRESSUREteater ,  vial)] 


is  preserved  is  that  it  -is  part  of  a  sappable  systee  of  higher-order 
constraining  relations  —  in  this  case,  the  subsystee  governed  by  the  higher- 
order  relation  CAUSE.  In  contrast,  the  relation 

SREATER'THANCOIAHETER (beaker),  OIANETER(vial) 1 
does  not  belong  to  any  such  oappable  systeo  and  so  is  less  favored  in  the 
Batch. 

Second,  the  order  of  processing  is  probably  variable.  Even  ehen  the  learner  is 
given  the  object-correspondences  as  the  first  step,  there  is  no  way  of  knowing 
which  predicates  will  be  sapped  first.  This  is  even  sore  the  case  when  the 
learner  is  not  told  the  object-correspondences  in  advance.  In  this  case,  as 
exeaplifled  in  the  next  pass  through  this  analogy,  the  object  correspondences 
are  arrived  at  by  detersining  the  best  predicate  natch  —  i.c. ,  the  eost 
systeoatic  and  consistent  natch.  I  suspect  that  the  order  in  which  watches  are 
eade  and  correspondences  tried  is  extreoely  opportunistic  and  variable.  It 
seens  unlikely  that  a  fixed  order  of  processing  stages  will  be  found  for  the 
sapping  of  coeplex  analogies. 

Third,  applying  the  structural  rules  is  only  part  cf  the  story.  Given  a 
potential  interpretation,  the  candidate  inferences  oust  be  checked  for 
validity  in  the  target.  If  the  predicates  of  the  base  systee  are  not  valid  in 
the  target,  then  another  systee  eust  be  selected.  In  goal-driven  contexts,  the 
candidate  inferences  oust  also  be  checked  for  relevance  to  the  goal. 

Kinds  of  Sieilarity 

Distinguishing  different  kinds  of  sieilarity  is  essential  to  understanding 
learning  by  analogy  and  sieilarity.  Therefore  we  turn  next  to  the  classes  of 


siailarity.  Besides  analogy,  other  kinds  of  sieilarity  can  be  characterized  by 
Nhether  the  teo  situations  are  alike  in  their  relational  structure,  object 
descriptions,  or  both.  In  analogy,  only  relational  predicates  are  eapped.  In 
iiterai  sieiiarxty,  both  relational  predicates  and  object-attributes  are 
sapped.  In  ear e-appearaacc  aatches,  it  is  chiefly  object-attributes  that  are 
sapped.  Figure  4  shoss  a  siailarity  space  that  suaaarizes  these  distinctions. 
Table  1  shows  exasples  of  these  different  kinds  of  siailarity.  The  central 
assuaption  is  that  it  is  not  aarely  the  relative  tutbirs  of  shared  versus 
nonshared  predicates  that  aatters  —  although  that  is  certainly  iaportant,  as 
Tversky  (1977)  has  shown  —  but  also  the  kinds  of  predicates  that  natch. 

dnaiogy  is  exeaplified  by  the  water/heat  exaaple  discussed  above,  which 
conveys  that  a  coaaon  relational  systea  holds  for  the  two  doaains:  pressure 
difference  causes  water  flow  and  teaparature  difference  caused  heat  flow, 
literal  siailarity  is  exeaplified  by  the  coaparison  *Kool>Aid  is  like  water.*, 
which  conveys  that  such  of  the  water  description  can  be  applied  to  Kool-Aid. 
In  literal  siailarity,  both  object  attributes,  such  as 

FLAT-TOP(water)  and  CYLINDRICAL (beaker ) 

and  relational  predicates,  such  as  the  systeaatic  causal  structure  discussed 
above,  are  sapped  over.  A  eerc-appearaacf  natch  is  one  with  overlap  in  lower- 
order  predicates  —  chiefly  object-attributes” —  but  not  in  higher-order 
relational  structure.  An  exaaple  is  *The  desert  shiaaered  like  water.*  Nere- 
appearanca  aatchas  are  in  a  sense  the  opposite  of  analogies.  Such  aatches  are 
sharply  United  in  their  utility.  Hers,  for  exaaple,  little  sore  beyond 
appearance  is  shared  between  the  desert  and  water.  These  aatches,  however, 

5.  A  ongoing  question  ;n  oar  research  is  whether  nere-aooearance  natc^'os 
should  be  viewed  as  including  first-order  relations  as  well  as  odjec: 
attributes. 
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cannot  bo  ignored  in  a  thoory  of  learning,  because  they  often  occur  aeong 
ovice  learners.  One  further  type  of  eatch  worth  discussing  is  relatioaal 
abstraciioa.  An  exaeple  is  the  abstract  stateeent  "Heat  is  a  through- 
variable.*,  which  eight  be  available  to  a  student  who  knew  soee  systee 
dynaeics.  This  abstraction,  when  applied  to  the  heat  dosain,  conveys  ouch  the 
saae  relational  structure  as  is  conveyed  by  the  analogy]  that  heat  (a  through- 
variable)  can  be  thought  of  as  a  flow  ..ross  a  potential  difference  in 
teaperature  (an  across-variable) .  The  difference  is  that  the  base  doaain  is 
abstract  principles  of  through-variables  and  across-variables;  there  are  no 
concrete  properties  of  objects  to  be  left  behind  in  the  sapping. 

These  contrasts  are  continue,  not  dichotooies.  Analogy  and  literal  sieilarity 
lie  on  a  continuue  of  degree-of-attribute-overlap.  In  both  cases,  the  base  and 
target  share  coseon  relational  structure.  If  that  is  all  they  share,  then  the 
eoaparison  is  an  analogy  (assuoing,  of  course,  that  the  doaains  are  concrete 
enough  to  have  object  descriptions).  To  the  extent  that  the  doaains  also  share 
coaaon  object  descriptions,  the  eoaparison  bscoaes  aore  like  literal 
siailarity.  Another  continuua  exists  between  analogies  and  relational 
abstractions.  In  both  cases,  a  relational  structure  is  napped  froa  base  to 
target.  If  the  base  representation  includes  concrete  objects  whose  individual 
attributes  oust  be  left  behind  in  the  aapping,  the  eoaparison  is  an  analogy. 
As  the  object  nodes  of  the  base  doaain  becoae  aore  abstract  and  variable-like, 
the  eoaparison  becoaes  a  relational  abstraction. 

In  the  next  section  I  describe  the  way  our  coaputer  siaulation  processes  the 
heat-water  exaaple.  Here  we  aove  froa  the  inforaational  constraints  to 
behavioral  constraints.  (See  Falser,  1987.)  Before  giving  the  algoritha,  I 
describe  the  representational  conventions. 


/(eprtse»t»tion  copventioas.  Tht  order  of  an  ita«  in  a  raprtsantation  ai 
follOMSi  Qbjacts  and  constants  art  ordtr  0.  Tht  ordtr  of  a  prtdicatt  is  oni 
plus  tht  aaxiaua  of  tht  ordtr  of  its  arguttnts.  Thus,  if  x  and  y  are  objects, 
then  BREATER-THAN  (x,y)  is  first-order  and  CAUSE  C6REATER-THAN  (x,y), 
BREAK(x)]  is  stcond-ordtr .  Typical  hightr-ordtr  relations  include  CAUSE  and 
IMPLIES.  On  this  definition,  the  order  of  an  itee  indicates  the  depth  of 
structure  beloe  it.  Argueents  eith  nany  layers  of  justifications  Mill  give 
rise  to  representation  structures  of  high  order. 


A  typed  predicate  calculus  is  used  in  the  representation.  There  are  four 
representational  constructs  that  eust  be  distinguished:  eatitifs,  uhich 
represent  individuals  and  constants,  and  three  types  of  predicates.  Predicates 
are  further  subdivided  into  truth-functional  predicates  (rriatioas  and 
attributes)  and  fuactieas.  fatities  are  logical  individuals:  i.e.,  the  objects 
and  constants  of  a  doeain.  Typical  entities  include  pieces  of  stuff, 
individual  objects  or  beings,  and  logical  constants.  Attributes  and  reiatioas 
are  predicates  that  range  over  truth  values.  The  difference  is  that  attributes 
take  one  argueent  and  relations  take  two  or  sore  argueents.  Inforsally, 
attributes  describe  properties  of  entities,  such  as  RED  or  SQUARE.  Relations 
describe  events,  coeparisons  or  states  applying  to  two  or  sore  entities  or 
predicates.  First-order  relations  take  objects  as  argueents:  e.g.,  HIT(ball, 
table)  and  INSI0E(ball,  pocket).  Higher-order  relations  such  as  IMPLIES  and 
CAUSE  take  other  predicates  as  their  argueents:  e.g.,  CAUSE  CHIT(cue  stick, 
ball),  ENTER  (ball,  pocket)].  Fuectioes  eap  one  or  eore  entities  into  another 
entity  or  constant.  For  exanple,  SPEEDiball)  naps  the  physical  object  bail 
into  the  quantity  which  describes  its  speed. 


These  four  constructs  are  all  treated  differently  in  the  analogical  eapping 
algorithe.  Relations,  including  higher-order  relations,  oust  natch 
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identically.  Entities  and  functions  are  placed  in  correspondence  eith  other 
entities  and  functions  on  the  basis  of  the  surrounding  relational  structures. 
Attributes  are  ignored.  Thus,  there  are  three  levels  of  preservation: 
identical  catching,  placing  in  correspondence,  and  ignoring.*  For  exaeple,  if 
an  analogy  requires  catching  a  crestlcr  with  a  billiard  ball,  relations,  such 
as  CAUSE  CHIT  (wrsstlerl,  Hrsstler2),  C0LLIDE(Nrestler2,  ropes)]  oust  catch 
identically.  For  objects  and  for  functions,  we  atteept  to  find  corresponding 
objects  and  functions,  which  need  not  be  idcnticali  e.g.,  ball/wrestler  and 
SPEED  (ball)/  FORCE  (wrestler).  Attributes  are  ignoredi  we  do  not  seek 
identical  or  oven  '*nrresponding  attributes  in  the  billiard  ball  for  each  of 
the  wrestler's  attributes.  Thus  functions  are  treated  in  an  intercediate 
canner  between  relations  and  attributes.  Functions  are  useful  representational 
device  because  they  allow  either  (a)  evaluating  the  function  to  produce  an 
object  descriptor,  as  in  HEIBHT(Saa)  "6',  or  (b)  using  the  unevaluated 
function  as  the  argueent  of  other  predicates,  as  in  BREATER-THANCNEISHT  (Sae), 
HEISHTlSeorge)].  ^ 

It  is  isportant  to  note  that  these  representations,  including  the  distinctions 
between  different  kinds  of  predicates,  are  intended  to  reflect  the  way 
situations  are  construed  by  people  (or  by  a  sieulation).  Logically,  an  n-place 
relation  R(a,b,c,)  can  always  be  represented  as  a  one-place  predicate  Q(x), 
where  Q(x)  is  true  just  in  case  R(a,b,c)  is  true.  Further,  a  coebination  of  a 
function  and  a  constant  is  logically  equivalent  to  an  attribute;  for  exaeple, 

6.  The  reason  that  attributes  are  ignored,  rather  than  being  placed  in 
correspondence  with  other  attributes,  is  to  permit  analogical  matches 
between  rich  objects  and  sparse  objects. 

7.  Adding  functions  to  the  representation  is  a  change  from  mv  former  position, 
which  only  distinguished  between  object-attributes  (one-place  predicates), 
and  relations  (2-or-more-place  predicates).  I  thank  Ken  Forbus,  Brian 
Falkenhainer  and  Janice  Skorstad  for  discussions  on  this  issue. 


applying  tha  function  EQUALS  CCOLOR  (BallA),  radl  is  logically  equivalent  to 
stating  the  attribute  RED  (BallA).  Our  aie  is  to  choose  the  representation 
that  best  eatches  the  available  evidence  as  to  the  person's  current 
psychological  representation.  As  Paleer  (1987)  points  out,  these 
reiiresentational  decisions  are  crucial  to  the  operation  of  the  algorithe. 
Differences  in  the  way  things  are  construed  can  cause  two  situations  to  fail 
to  Batch  even  if  they  are  inforaationally  equivalent.  Thus  the  eodel  nould 
fail  to  realize  that  HOTTER  THAN  (a,b)  is  equivalent  to  COLDER  THAN  (b,a). 
This  assueption  eay  not  be  as  ieplausible  as  it  initially  seees.  Eepirically, 
MB  know  that  logical  equivalence  does  not  guarantee  psychological  equivalence. 
Perhaps  one  reason  that  people  soeetiees  eiss  potential  analogies  (as 
discussed  beloe)  is  that  their  current  representations  of  base  and  target 
constrain  the  kinds  of  analogical  eatches  they  can  eake. 

Requiring  perfect  relational  identity  in  the  Batching  rules  alloes  us  to 
capture  the  fact  that  potential  analogies  are  often  eissed,  for  the  sore 
exactly  the  representations  oust  eatch  the  less  likely  analogies  are  to  be 
seen.  Nore  ieportantly,  the  relational-identity  requireeent  keeps  us  froe 
concealing  hueuncular  insights  in  the  eatcher.  As  soon  as  mb  eove  aeay  froe 
perfect  eatching  mb  are  faced  with  a  host  of  difficult  decisions:  hoe  euch 
insight  do  mb  give  the  eatcher,  hoe  such  ability  to  consider  current 
contextual  factors,  hoe  euch  tolerance  for  aabiguity.  In  short  we  lose  the 
considerable  advantages  of  having  a  sieple,  loe-cost  eatcher.  But  hoe  can  we 
capture  the  intuition  that  people  soeetiees  can  use  analogy  creatively  to 
sureount  initially  different  representations?  Burstein  (1983)  has  explored  one 
interesting  aethodt  he  allows  siaiiar  predicates  to  natch  and  then  generalizes 
the  Batch.  For  exaeple,  as  part  of  a  larger  analogy,  inside'  in  the  spatial 
sense  is  eatched  with  'inside'  in  the  abstract  sense  of  a  variable  containing 


a  valut.  Than  a  aort  ganaral  nation  ai  containaant  is  abstractad  froa  tha 
aatch.  This  is  an  attractive  notion  ahich  deserves  further  study.  HoMever,  it 
does  run  the  risk  of  adding  considerable  coaputational  aebiguity. 

One  May  to  add  flexibility  Mithout  sacrificing  the  siaple  aatcher  is  to  add 
soee  tools  for  re-representation  that  are  external  to  the  aatcher  itself. 
Then,  if  there  Mas  good  reason  to  suspect  a  possible  analogy,  a  relation 
currently  represented  as  COLOER-THAN  (b,a)  could  be  re-represented  as  HOTTER- 
THAN(a,b,)  or  as  SREATER-THAN  (TEHPCa),  TEHPib)).  In  this  uay  a  partial 
analogy  could  lead  to  the  discovery  that  tao  relations  hitherto  seen  as 
different  in  fact  refer  to  the  ease  underlying  diacnsion.  This  Mould  alloM  us 
to  aodel  the  use  of  analogy  in  reconstruing  one  dosain  in  teres  of  another.  An 
interesting  corollary  of  this  approach  is  that  it  suggests  that  analogy  nay 
act  as  a  force  toMards  building  unifors  doaain  representations,  both  Mithin 
and  across  doaains. 

The  Structur e-Hanoi  no  Engine.  The  Structure-Happing  Engine  (SHE)  is  a 
siaulation  of  the  structure-sapping  process  eritten  by  Brian  Falkenhainer  and 
Ken  Forbus  (Falkenhainer,  Forbus,  k  Bentner,  19B6j  in  press;  Bentner, 
Falkenhainer  I  Skorstad,  in  press).  Here  it  is  given  the  representations  of 
the  base  and  target  shoNO  in  Figure  S.  As  in  the  previous  pass  (Figure  2)  no 
assuae  tha  learner  has  a  fair  aaount  of  knonledge  about  eater.  In  contrast  to 
the  previous  pass,  mo  non  assuae  soae  initial  knouledge  about  heat:  the 
learner  knoNS  that  tha  coffee  is  hotter  than  the  ice,  and  that  heat  uill  flON 
froa  the  coffee  to  the  ice.  Note,  honever,  that  the  representations  contain 
aany  extraneous  predicates,  such  as  LIBUIDlMater )  and  LIQUID (coffee) .  These 
are  included  to  siaulate  a  learner’s  uncertainty  about  ehat  natters  and  to 
give  SHE  the  opportunity  to  sake  erroneous  Matches,  just  as  a  person  night. 


14 


Rsprtstntations  of  Wattr  and  Htat  givtn  to  tha  Structurt-Mapping  Engine. 


WATER  FLOW 


CAUSE 


FLOW  (beaker. vial, 
water, pipe) 


GREATER 
PRESSURE  (beaker)  PRESSURE  (vial) 

GREATER 


DIAMETER  (beaker)  DIAMETER  (vial) 


HEAT  FLOW 


GREATER 


TEMP  (coffee)  TEMP  (ice  cube)' 


FLOW  (ice  cube,  coffee,  heat,  bar) 

■ 


LIQUID  (water) 
FLAT-TOP  (water) 
CLEAR  (beaker) 


LIQUID  (coffee) 
FLAT-TOP  (coffee) 


VV  V- 


In  addition  to  aodtling  analogy,  SHE  can  bt  used  Mith  literal  sioilarity  rules 
or  aere-appearance  rules.  Both  analogy  rules  and  literal  sioilarity  rules  seek 
aatches  in  relational  structure;  the  dif'ference  is  that  literal  siailarity 
rules  also  seek  object-attribute  aatches.  Nere-appearance  rules  seek  only 
object-attribute  aatches.  I  aill  describe  the  processing  using  literal 
siailarity  rules,  rather  than  pure  analogy,  because  this  offers  a  better 
deaonstration  of  the  full  operation  of  the  siaulation,  including  the  uay 

conflicts  betaeen  surface  and  structural  aatches  are  treated. 

Siven  the  coaparison  'Heat  is  like  eater.*,  SHE  uses  systeaaticity  of 

relational  structure  and  consistency  of  hypothesized  object-correspondences  to 
deteraine  tha  aapping.  Tha  order  of  events  is  as  folloest 

{U  Local  satcAfS.  SHE  starts  by  looking  for  identical  relations  in  base  and 
target  and  using  thee  to  postulate  potential  aatches.  For  each  entity  and 

predicate  in  the  base,  it  finds  the  set  of  entities  or  predicates  in  the 

target  that  could  plausibly  aatch  that  itea.  These  potential  correspondences 
laateh  hypothosas)  are  deterained  by  a  set  of  siaple  rulesi  for  exaaple, 

-  (1)  if  tea  relations  have  the  saae  naae,  create  a  aatch  hypothesis; 

-  (2)  for  every  aatch  hypothesis  between  relations,  check  their 
corresponding  arguaents:  if  both  are  entities,  or  if  both  are  functions, 
then  create  a  aatch  hypothesis  between  then. 

For  exaaple,  in  Figure  S,  rule  (1)  creates  aatch  hypotheses  between  the 
SREATER  THAN  relations  occurring  in  base  and  target.  Then  rule  (2)  creates 
natch  hypotheses  between  their  arguaents,  since  both  are  functions.  Note  that 
at  this  stage  the  systea  is  entertaining  two  different,  and  inconsistent, 
aatch  hypotheses  involving  SREATER  THANr  one  in  which  PRESSURE  is  aatched  with 
TEHPERATURE,  and  one  in  which  DIANETER  is  aatched  with  TEHPERATURE.  Thus,  at 


thif  stag*  th*  progra*  Mill  hav*  a  large  nuaber  of  local  flatches.  It  gives 
these  local  eatches  eritfcace  scores,  based  on  a  set  of  local  evidence  rules. 
For  exaaple,  evidence  for  a  aatch  increases  if  the  base  and  target  predicate 
have  th*  saae  naa*.  Nor*  interestingly,  the  evidence  rules  also  invoke 
systeeaticity,  in  that  th*  evidence  for  a  given  Batch  increases  eith  the 
evidence  for  a  aatch  aaong  the  parent  relations  — i.e.,  the  iaaediately 
governing  higher-order  relations. 

(2)  Co»structi»9  globel  eatches.  The  next  stag*  is  to  collect  systeas  of 
Batches  that  use  consistent  entity-pairings.  SHE  first  propagates  entity- 
correspondences  up  each  relational  chain  to  create  systeas  of  aatch  hypotheses 
that  use  th*  saae  entity-pairings.  It  then  coabines  these  into  the  largest 
possible  systeas  of  predicates  with  consistent  ob ject-eappings.  These  global 
Batches  (called  Saaps)  are  SHE's  possible  interpretations  of  the  coaparison. 

An  iaportant  aspect  of  SHE  is  that  th*  global  Batches  (Saaps)  sanction 
caadidate  iafereacest  predicates  froa  th*  base  that  get  aapped  into  the  target 
doaain.  These  are  base  predicates  that  eere  not  originally  present  in  th* 
target,  but  which  can  be  iaported  into  th*  target  by  virtu*  of  belonging  to  a 
systea  that  is  shared  by  base  and  target.  Thus,  associated  with  each  Saap  is 
a  (possibly  eapty)  set  of  caadidate  inferences.  For  exaaple,  in  th*  'winning' 
Saap  (as  discussed  below),  th*  pressure-difference  causal  chain  in  water  is 
Batched  with  th*  teaperature-difference  chain  in  heat,  and  water-flow  is 
Batched  with  heat-flow.  However,  you  eay  recall  that  th*  initial  heat 
representation  lacked  any  causal  link  between  th*  teaperature  difference  and 
the  heat  flow  (See  Figure  5).  In  this  case,  the  systea  brings  across  the 
higher-order  predicate  CAUSE  froa  th*  water  doaain  to  the  heat  doaain.  In 
essence,  it  postulates  that  there  aay  be  aore  structure  in  th*  target  than  it 


initially  knen 
doaain  is 


CAUSE{6REATER-THANCTEHPERArURE(coff«*) ,  TENPERATUREace) 1 , 
FLQH(htat,  bar,  cofftt,  ice)). 


{3}  fraiuatiBj  global  aatchts.  Tha  global  aatchas  are  then  given  a  structural 
evaluation,  ahich  can  depend  on  their  local  aatch  evidence,  the  nuaber  of 
candidate  inferences  they  support  and  their  graph-theoretic  structure  —  e.g., 


the  depth  of  the  relational  systea.*  In  this  exaaple,  the  ainning  Baap  is  the 
pressure-teaperature  aatch  discussed  above,  aith  its  candidate  inference  of  a 
causal  link  in  the  heat  doaain.  Other  Baaps  are  also  derived,  including  a  Baap 
that  aatches  diaaeter  aith  teaperature  and  another  particularly  siaple  Baap 
that  aatches  LIQUID(aater)  aith  LIQUIOicof f ee) .  But  these  are  given  loa 
evaluations.  They  contain  feaer  predicates  than  the  ainning  Baap  and,  at  least 
equally  iaportant,  they  have  shalloaer  relational  structures. 

A  fea  paints  should  be  noted  about  the  aay  the  structure-aapping  engine  aorks. 

(1)  SHE'S  interpretation  is  based  on  selecting  the  deepest  —  i.e.,  nost 
systeaatic  —  consistent  sappable  structure.  Thus  coaputing  systeaaticity 
precedes  and  detersines  the  final  selection  of  object  correspondences. 

(2)  SHE'S  aatching  process  is  entirely  structural.  That  is,  it  attends  only  to 
properties  such  as  identicality  of  predicates,  consistency  of  object-pairings 

9.  Currently  the  gloeal  evaluation  is  extremely  simple:  the  match  hypothesis 
evidence  scores  are  simply  summed  for  each  Gmap.  Although  we  are  currently 
developing  more  elaPoratc  schemes  for  computing  the  goodness  of  the  Gmaps, 
this  simple  summatic'  has  proved  extremely  effective.  We  have  tried  ShiE  on 
over  40  analogies,  and  in  every  case  its  highest-ranked  Gmap  is  the  one 
humans  prefer. 


and  fysteaaticity  —  as  opposad  to  seeking  specific  kinds  of  content.  Thus, 
although  it  operates  on  seeantic  representations,  it  is  not  restricted  to  any 
particular  prespecified  content.  This  alloNS  it  to  act  as  a  doeai n-gener al 
eatcher.  By  proeoting  deep  relational  chains,  the  systeeaticity  principle 
operates  to  proeote  predicates  that  participate  in  any  eutually  constraining 
systee,  ehether  causal,  logical  or  eatheeatical . 

(3)  Different  interpretations  Mill  be  arrived  at  depending  on  Nhich  predicates 
Batch  betMcen  tmo  doeains.  For  exaeple,  suppose  that  ue  keep  the  saee  base 
doeain  —  the  Mater  systee  shoMn  in  Figure  S  —  but  change  the  target  doeain. 
Instead  of  tuo  objects  differing  in  tceperaturi,  let  the  target  be  tMO  objects 
differing  in  their  specific  h»ats:  say,  a  eetal  ball-bearing  and  a  earble. 
AssuBing  equal  eass,  they  Mill  also  have  different  beat  capacities.  Nom,  the 
natural  analogy  concerns  capacity  differences  in  the  base,  rather  than  height 
differences.  This  is  because  the  deepest  relational  chain  that  can  be  sapped 
to  the  target  is 

CAUSE  {BREATER-THAN 
COIAHETER  (beaker),  DIAMETER  (vial)], 

BREATER-THAN  CAHOUNT-OF-NATER  (beaker),  ANOUNT-OF-MATER(vial ) ]) 

This  carries  over  into  the  target  as 

CAUSE  (BREATER-THAN 

CHEAT-CAPACITY  (aarble) ,  HEAT-CAPACITY  (ball)], 

BREATER-THAN  CAHOUNT-OF-HEAT  (aarble),  ANOUNT-OF-HEAT  (ball)]). 

This  illustrates  that,  for  a  given  base  doaain,  the  sapping  for  a  particular 
target  is  deterained  by  the  best  aatch  —  i.e.,  the  aost  systcaatic  and 

consistent  relational  aatch  —  Nith  the  target. 


(4)  SHE  it  dttignid  at  a  gtniral-purpott  tool  kit  for  tiailarity  Matching.  It 
can  optratt  with  analogy  rultt,  aere-appaarancf  rultt  or  literal  tiailarity 
rulat,  as  ditcuttad  above. 

(5)  The  Matching  process  in  SHE  is  indapandant  of  tha  systea’s  problea-sol ving 
goals,  although  tha  laarnar's  goals  can  influanca  tha  aatcher  indirectly,  by 
influencing  the  doaain  representations  present  in  working  aeaory.  Again,  this 
represents  a  coaaitaent  to  generality.  The  view  it  that  analogy  in  problea- 
tolving  is  a  special  case  of  analogy. 

An  Architecture  for  Analogical  Reasoning 

A  coaplete  aodel  of  analogical  problea  solving  aust  take  account  of  the 
contest  of  reasoning,  including  the  current  plans  and  goals  of  the  reasoner 
(Burstein,  1983}  Carbonell,  1983;  Kedar-Cabelli ,  1985;  Holyoak,  1985;  Hiller, 
Sallanter  I  Pribraa,  1960;  Schank,  1982;  Schenk  6  Abclson,  1977).  Indeed,  at  I 
ditcuss  below,  soae  researchert  have  argued  that  plans  and  goals  are  so 
central  in  analogical  reasoning  that  we  should  build  the  analogy  aechanisa 
around  thea.  Howaver,  the  very  fact  that  plans  and  goals  influence  all  kinds 
of  huaan  thought  processes,  froa  transitive  inference  to  the  use  of  deductive 
tyllogisa,  shows  that  they  are  not  definitive  of  analogy.  Soaehow  we  need  to 
capture  the  fact  that  analogy  can  be  influenced  by  the  goals  of  the  problea- 
solver  while  at  the  taae  tiae  capturing  what  it  specific  about  analogy. 

I  propose  the  architecture  shown  in  Figure  6  for  analogical  reasoning.  In  this 
account,  plant  and  goals  influence  our  thinking  bffor*  and  after  the  analogy 
engine,  but  not  during  its  operation.  Plans  and  goals  influence  the  analogy 
process  is  btfort  the  aatch,  by  deteraining  the  working-aeaory  representation 
of  tha  current  situation.  This  in  turn  influences  what  gets  accessed.  So,  in 


thi  htat  txaaplf,  than  «ra  aany  aapacta  of  tha  haat  doaain,  but  only  tha 
aapacta  currantly  raprasantad  in  working  aaaory  ara  likaly  to  inHuanct 
raaindings.  Onca  a  potantial  analog  is  accassad  froa  long-tara  aaaory,  tha 
analogy  procassor  runs  its  coursa.  Kara  too  tha  initial  doaain  raprasantation 
has  strong  affacts,  bacausa  it  dafinas  ona  input  to  tha  procassor;  thus  it 
constrains  tha  sat  of  aatchas  that  will  ba  found.  This  loads  to  'sat'  affacts 
in  problaa  solving;  it  is  an  advantaga  if  wa  ara  thinking  about  tha  problaa 
corractly  and  a  disadvantaga  if  wa  ara  not. 

Tha  analogy  procassor  producas  an  intarpratation,  including  candidata 
infaroncas  and  a  structural  avaluation.  If  tha  avaluation  is  too  low  —  i.a., 
if  tha  dapth  and  siza  of  tha  systaa  of  watching  prodicatas  is  too  low  than 
tha  analogy  will  ba  rajactad  on  structural  grounds.  If  tha  analogy  passas  tha 
structural  critarion,  than  its  candidata  infaroncas  aust  ba  avaluatad  to 
datoraino  whathor  thay  ara  appropriata  with  raspact  to  tha  goals  of  tha 
raasonar.  In  taras  of  tha  cosputar  aodal,  this  suggasts  adding  a  contaxt- 
sonsitiva,  axpactation-drivon  aodula  to  avaluata  tha  output  of  tha  SHE 
(Falkanhainar,  Forbus  ti  Santnor,  1986;  Falkanhainar ,  1986).  This  axtansion  is 
coapatibla  with  tha  coabination  aodals  proposad  by  Burstain  (1983)  and  Kadar- 
Caballi  (1983).  Thus  tha  kay  points  of  this  proposal  ara  (1)  plans  and  goals 
constrain  tha  inputs  to  tha  satchar,  which  is  wharo  thay  havo  thair  largast 
offact;  and  (2)  tharo  ara  thraa  saparata  critaria  that  aust  ba  invokad  in 
using  analogy:  structural  soundnass,  ralavanca  and  validity  in  tha  targat. 

In  tha  aodal  proposad  haro,  both  structural  proportias  and  contaxtual* 
pragaatic  considarations  antar  into  analogical  problaa  solving,  but  thay  ara 
not  aquatad.  Tha  analogy  procassor  is  a  wal 1-def inad ,  saparata  cognitive 
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■odult*  Nhott  rtsultt  interact  Nith  other  proceitee,  analogous  to  the  eay  sooe 


natural-language  eodelt  have  postulated  seei-autonoeous  interacting  subsystees 


for  syntax,  seeantics  and  prageatics  (e.g.,  Reddy,  Erean,  Fennell  ti  Neely, 


1973).  This  allows  us  to  capture  the  fact  that  analogy  oust  satisfy  both  a 


structural  and  a  prageatic  criterion. 


Separating  the  planning  context  froa  the  actual  analogy  processor  has  soee 


significant  advantages.  For  one  thing,  it  captures  the  notion  that  people  can 


coaprehend  an  analogy  in  isolation,  and  that  in  so  doing  they  use  aany  of  the 


saae  processes  as  they  do  to  coaprehend  analogy  in  a  problea-sol ving  context. 


That  is,  we  can  use  the  saae  structurally-guided  processor  for  both 


situations,  siaply  adding  or  reaoving  pragaatic  context. Another  advantage 


of  having  the  aatching  process  be  structure-driven  rather  than  goal-driven  is 


that  it  allows  for  the  possibility  of  finding  unexpected  watches,  even  perhaps 


watches  that  contradict  the  learner's  initial  problea-sol ving  goals.  For 


exaaple,  the  aatheaatician  Poincare  writes  about  an  occasion  on  which  he  set 


out  to  prove  a  certain  theorea  and  ended  by  discovering  a  class  of  functions 


that  proved  the  theorea  wrong.  If  we  are  ever  to  aodel  such  cases  of 


unexpected  creative  discovery,  the  analogy  process  oust  be  capable  of  finding 


watches  that  do  not  depend  on  —  and  say  even  contradict  —  the  learner's 


current  goals. 


9.  The  teri  "eodule"  here  should  not  be  taken  m  the  Fodsrian  sense.  I  assume 
that  analogical  procescing  is  not  innate  nor  hard-wjred,  but  at  least  i n 
part  learned;  nor  do  I  assume  that  the  analogy  processor  is  impenetrable, 
although  its  workings  may  be  opaque. 


10.  As  m  all  top-down  e-pectation  situations,  comprehension  should  be  easier 
with  a  supporting  context  and  harder  when  context  leads  to  the  wrong 
expectations;  but  the  basic  analogy  processes  do  not  require  a  context. 
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Coapttinq  ViiHS  and  Criticitas  ot  Structura-aapping 


Soaa  aspactt  of  atructura-aapping  hava  ractivad  convargant  support  in 
artificial  intalliganca  and  psychology.  Although  thara  ara  differancas  in 
aaphatis,  thara  is  aidaspraad  agraaaant  on  tha  basic  alaaants  of  ona-to-ona 
aappings  of  objacts  and  carryovar  of  pradicatas  (Burstain,  1983;  Carbonall, 
1983;  Hof stadtar , 1984;  Indurkhya,  1989;  Kadar-Cabal 1 i ,  1985)  Raad,  1987; 
Ruaalhart  &  Noraan,  1981;  Van  Lahn  A  Brown,  1980;  Varbrugga  h  HcCarrall,  1977; 
and  Kinston,  1980,  1982).  Furthar,  all  thasa  rasaarchars  hava  soaa  kind  of 
salaction  principla  —  of  which  systaaaticity  is  ona  axaapla  —  to  filtar 
which  pradicatas  coaa  ovar.  But  accounts  diffar  in  tha  natura  of  tha  salaction 
principla.  Many  rasaarchars  usa  spacific  contant  knowladga  or  pragaatic 
inforaation  to  guida  tha  analogical  salaction  procass,  rathar  than  structural 
principlas  lika  systaaaticity.  For  axaapla,  Minston's  (1980,  1982)  systaa 
looks  for  causal  ralations  in  its  iapar taaca-guidad  aatching  algoritha. 
Hinston  Cparsonal  coaaunication,  Novaabar  19851  has  also  invastigatad  goal* 
drivan  iaportanca  algorithas.  Many  accounts  aaphasiza  tha  rola  of  plans  and 
goals  as  part  of  tha  analogical  sapping  procass. 

Tha  criticisa  aost  oftan  lavalad  at  structura-aapping  is  its  lack  of  any 
axplicit  coaaitaant  to  plans  and  goals  (Holyoak,  1985).  For  axaapla,  soaa 
aodals  coabina  a  structura-aapping  coaponant  with  a  plans-and*goals  coaponant 
in  ordtr  to  choosa  tha  aost  contaxtually  rrlaraaf  intarpratation  (a.g., 
Burstain,  1983;  Kadar-Cabal 1 i ,  1985).  Aaong  tha  claias  of  thasa  rasaarchars  is 
that  (1)  puraly  structural  inforaation  is  insufficiant  to  guida  analogical 
sapping  and  (2)  avan  if  it  wara  sufficiant,  such  a  systaa  would  ba 
inafficiant.  Howavar,  tha  avidanca  froa  SHE  so  far  suggasts  that  structural 
aatching  is  quits  powarful,  sinca  it  ganaratas  intuitivaly  plausibla  answars 
and  doss  so  rapidly.  SHE  is  abla  to  rajact  initially  plausibla  pradicata 


■atchfls  like  'LIflUIO  (iiattr) - >  LISUtO  puraly  on  tht  basis  of 

structural  consistency  and  systcaaticity.  There  is  still  euch  research  to  be 
done  on  these  issues,  but  at  present  the  structural  approach  looks  quite 
poMorf ul . 


Ihe  oraaaatic  account;  An  al ternatl ve  to  structure-eapoino.  The  eost  radical 
alternative  account  is  that  of  Holyoak  (19BS).  He  holds  that  analogy  aust  be 
aodeled  as  part  of  a  goal-driven  processing  systea  and  argues  that  the 
structure-aappinq  approach  is  'dooaad  to  failure'  because  it  fails  to  take 
account  of  goals.  But  instead  of  augaanting  structural  considerations  with 
soae  pragaatic  considerations,  he  proposes  an  alternative  account  in  which 
structural  principles  play  no  role;  aatching  is  governed  entirely  by  the 
relevance  of  the  predicates  to  the  current  goals  of  the  problea-sol ver.  I 
first  present  Holyoak 's  proposal  and  then  consider  his  critique  of  structure- 
aappinq. 


Holyoak  states  that  'Within  the  pragaatic  fraaeaork,  the  structure  of  analogy 
is  closely  tied  to  the  atchanisas  by  which  analogies  are  actually  used  by  the 
cognitive  systea  to  achieve  its  goals.*  (Holyoak,  1985,  p.  7b).  In  the 
pragaatic  account,  the  distinction  between  structural  coaaonalties  and  surface 
coaeonalties  is  based  solely  on  relevance.  Holyoak's  (p.  81)  definitions  of 
these  teras  are  as  follows: 

It  is  possible,  based  on  the  taxonoay  of  napping  relations 
discussed  earlier,  to  draw  a  distinction  between  surface  and 
structural  siailarities  and  dissiailarities.  An  identity  between 
two  problea  situations  that  plays  no  causal  role  in  deteraining 
the  possible  solutions  to  one  or  the  other  analog  constitutes  a 
surface  siailarity.  Sinilarly,  a  structure-preserving  difference, 
as  defined  earlier,  constitutes  a  surface  dissini  larity.  In 
contrast,  identities  that  influence  goal  attainaent  constitute 
structural  siailarities,  and  structure-violating  differences 
constitute  structural  dissiailarities.  Note  that  the  distinction 
between  surface  and  structural  siailarities,  as  used  here,  hinges 
on  the  relevance  of  the  property  in  question  to  attainaent  of  a 


successful  solution.  The  distinction  thus  crucially  depends  on  the 
goal  of  the  problee  solver. 

Thus,  a  surface  sieilarity  is  defined  as  *an  identity  betNeen  tuo  prablee 
situations  that  plays  no  causal  role  in  detereining  the  possible  solutions  to 
one  or  the  other  analog*  and  structural  siatlarities  are  'identities  that 
influence  goal  attaineent.*  (Holyoak,  198S,  p.  81).  The  distinction  betNeen 
surface  and  structural  sieilarities  'hinges  on  the  relevance  of  the  property 
in  question  to  attaineent  of  a  successful  solution.  The  distinction  thus 
crucially  depends  on  the  goal  of  the  problee  solver.* 

Holyoak's  eephasis  on  plans  and  goals  has  soee  appealing  features.  This 
account  proeises  to  replace  the  abstract  forealises  of  a  structural  approach 
Kith  an  ecologically  aotivated  account  centered  around  ehat  natters  to  the 
individual.  Further,  Mhcreas  structure>eapping  requires  both  structural 
factors  within  the  eatcher  and  (in  a  conplete  account)  prageatic  factors 
external  to  the  eatcher,  Holyoak's  account  requires  only  prageatic  factors. 
But  there  are  severe  costs  to  this  sieplif ication.  First,  since  structural 
eatches  are  defined  only  by  their  relevance  to  a  set  of  goals,  the  prageatic 
account  requires  a  context  that  specifies  what  is  relevant  before  it  can 
operate.  Therefore,  it  cannot  deal  with  analogy  in  isolation,  or  even  with  an 
analogy  whose  point  is  irrelevant  to  the  current  context.  By  this  account 
Francis  Bacon's  analogy  'All  rising  to  a  great  place  is  by  a  winding  stair.* 
should  be  uninterpretable  in  the  present  context.  I  leave  it  to  the  reader  to 
judge  whether  this  is  true. 

Holyoak  (1985)  seees  aware  of  this  lieitation  and  states  that  his  prageatic 
account  is  aeant  to  apply  only  to  analogy  in  probl ce-sol vi nq .  But  this  aeans 
having  to  postulate  separate  analogv  processors  for  analogy  in  context  and 
analogy  in  isolation,  which  seees  inconvenient  at  best.  But  there  are  further 
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dif^icultiif  Kith  tht  pragaatic  account.  Bccauft  tht  inttrprttation  an 

analogy  is  dtfinad  in  ttras  of  ralcvanca  to  the  initial  goals  of  the  problee- 
solver,  the  pragaatic  viea  does  not  alloa  for  unexpected  outcoaes  in  an 
analogical  aatch.  This  aaans  that  aany  creative  uses  of  analogy  —  such  as 
scientific  discovery  —  are  out  of  bounds.  Finally,  the  pragaatic  account 
lacks  any  aaans  of  capturing  the  iaportant  psychological  distinction  betHeen 
an  analogy  that  fails  because  it  is  irrelevant  and  an  analogy  that  fails 
because  it  is  unsound.  In  short,  a  good  case  can  be  aadc  for  the  need  to 
augaest  structural  considerations  with  goal-relevant  considerations  (though  I 
Mould  argue  that  this  should  be  done  externally  to  the  aatchar  as  shoun  in 
Figure  6,  for  exaaple).  Houever,  the  atteapt  to  replace  structural  factors 
like  systaaaticity  uith  pragaatic  factors  like  relevance  is  aisguidod. 

Holyoak  raises  three  chief  criticises  of  structure-sapping  (Holyoak,  1983, 
pp.74,  73).  First,  as  discussed  above,  Holyoak  argues  that  structural  factors 
are  epiphenoaenal :  Mhat  really  controls  analogical  aatching  is  the  search  for 
goal-relevant  predicates.  The  higher-order  relations  that  enter  into 
systeaatic  structures  '...typically  are  such  predicates  as  causes, 

'iaplies,'  and  'depends  on,'  that  is,  causal  eleaents  that  are  pragaati cal  1  y 
iaportant  to  goal  attainaent.  Thus,  the  pragaatic  approach  readily  accounts 
for  the  phenosena  cited  as  support  for  Sentner's  theory.'  (Holyoak,  1983,  p. 
74). 


There  are  tNO  probleas  uith  this  position.  First,  as  discussed  above,  the 
effort  to  replace  structural  constraints  uith  goal -rel evance  siaply  does  not 
go  through.  He  are  perfectly  capable  of  processing  analogy  Nithout  any  prior 
goal-context,  and  of  interpreting  analogies  Nhose  point  runs  contrary  to  our 
expectations.  Second,  it  is  not  correct  to  state  that  all  higher-order 
relations  are  'causal  eleaents  pragaatically  relevant  to  goal  attainaent.  '  For 
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•xatplt,  iaplits'  (ustd  in  its  noraal  logical  stnsc)  is  not  causal. 
Nathaaatical  analogits,  such  as  Polya's  (19S4)  analogy  batattn  a  triangle  in  a 
plant  and  a  tttrahtdron  in  spact,  provide  clear  cases  of  shared  relational 
structure  ahich  is  not  causal,  and  which  need  not  be  goal -rel evant  to  be 
appreciated.  Hofstadter  (1984)  provides  eany  exaepl -s  of  analogies  based  on 
purely  structural  coeaonal i ties:  for  exaepe,  if  abc  — >  abd  then  pqr  -->  pqt. 

Holyoak's  second  point  is  one  of  definition.  In  structure-sapping  the 
distinction  betHten  analogy  and  literal  siailarity  is  based  on  the  kinds  of 
predicates  shared:  analogy  shares  relational  structure  only,  while  literal 
siailarity  shares  relational  structure  plus  object  descriptions.  Holyoak 
proposes  a  different  distinction:  that  analogy  is  siailarity  with  reference  to 
a  goal.  Thus  *Evan  objects  that  Bentnar  would  tera  'literally  siailar'  can  be 
analogically  related  if  a  goal  is  apparent.*  The  problea  with  Holyoak's 
distinction  is  that  it  classifies  soaa  things  as  analogy  that  intuitively  seea 
to  be  literal  siailarity.  For  exaaplc,  consider  the  coaparison  'This  '82  Buick 
is  like  this  '83  Buick:  you  can  use  it  to  drive  across  town.'  By  Holyoak's 
criterion  this  is  an  analogy,  because  a  specific  goal  is  under  consideration; 
yet  to  ay  ear  (and  in  structure-aapping)  the  two  Buicks  are  literally  siailar 
whether  or  not  a  goal  is  involved.  But  since  this  is  essentially  a  question  of 
terainology,  it  aay  be  undecidable. 

Holyoak’s  third  set  of  criticises  is  based  on  the  aisreading  discussed 
earlier:  naaaly,  that  in  structure-aapping,  the  systeaatici ty  of  the  base 
doaain  by  itstlf  deteraines  the  interpretation  of  an  analogy,  so  that  'the 
aappable  propositions  can  be  deterained  by  a  syntactic  [structural]  analysis 
of  the  source  analog  alone.' 


This  is  false  except  in  the  rare  case  Mhere  nothing  at  all  is  knoen  about  the 
target  (the  'pure  sapping'  case  discussed  earlier).  This  can  be  seen  in  the 
operation  of  SHE,  in  which  the  interpretation  arises  out  of  the  a  detailed 
Mitch  between  base  and  target  and  not  froe  'a  syntactic  analysis  of  the  source 
analog  alone.'  (See  Skorstad,  Falkcnhaincr  ti  Bentner  (1987)  for  exaeples  of 
how  SHE  yields  different  interpretations  when  the  saae  base  doaain  is  paired 
with  different  targets.)  At  the  risk  of  belaboring  the  point,  recall  that  in 
structure-aapping,  analogy  is  seen  as  a  subclass  of  siailarity  and  therefore, 
as  with  any  other  kind  of  siailarity  coaparison,  its  interpretation  is  based 
on  the  best  aatch  between  base  and  target.  Mhat  distinguishes  analogy  froa 
other  kinds  of  siailarity  is  siaply  that  the  b»st  Match  is  defined  as  the 
aaxiaally  systeaatic  and  consistent  aatch  of  relational  structure. 

In  suaaary,  the  pragaatic  account  is  a  failure  insofar  as  it  seeks  to  replace 
structure  with  relevance.  Though  one  aay  syapathize  with  the  desire  to  take 
plans  and  goals  into  account,  discounting  structure  is  the  wrong  way  to  go 
about  it.  Nonetheless,  this  work,  like  that  of  Burstein  (1983),  Carbonell 
(1983)  and  Kedar-Cabel 1 i  (1983)  has  the  aerit  of  calling  attention  to  the 
iaportant  issue  of  how  plans  and  goals  can  be  integrated  into  a  theory  of 
analogy. 

In  aodeling  these  processes,  separating  structural  rules  froa  pragaatics 
allows  soee  significant  advantages!  it  allows  us  to  capture  the  coaaonal i ti es 
aaong  analogy  interpretation  across  different  pragaatic  contexts,  including 
analogy  in  isolation;  it  allows  for  creativity,  since  the  processor  does  not 
have  to  know  in  advance  which  predicates  are  going  to  be  shared;  and  it  allows 
us  to  capture  the  difference  between  relevance  and  soundness.  However,  if  the 
two-factor  scheae  I  propose  in  Figure  6  is  correct,  there  is  still  auch  work 
to  be  done  in  specifying  exactly  how  plans  and  goals  affect  the  initial  doaain 
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rcprtsentations  that  are  given  to  the  analogy  processor  and  hoN  they  arc 
coepared  Mith  the  output  ol  this  processor  in  the  postprocessing  stage. 

Psychological  Evidence 


Napping 

Ideal  eaooing  rules.  Structure-tapping  claits  to  characterize  the  itplicit 
rules  by  Mhich  the  leaning  of  an  analogy  it  derived.  The  first  eapirical 
question  to  ask  it  how  successfully  it  docs  to;  ehethcr  people  do  indeed 
folloH  the  rules  of  structure-tapping  in  interpreting  analogies.  The 
prediction  is  that  people  should  include  relations  and  oait  object- 
descriptions  in  their  interpretations  of  analogy.  To  test  this  I  asked  subject 
to  trite  out  descriptions  of  objects  and  then  to  interpret  analogical 
cotparisons  containing  these  objects.”  (Gentner,  1980,  1986).  They  also  rated 
hot  apt  (hot  interesting,  clever,  or  worth  reading)  the  cotparisons  tere. 

The  results  shoeed  that,  thereas  object  descriptions  tended  to  include  both 

relational  and  object-attribute  inforaation,  the  interpretations  of 

cotparisons  tended  to  include  relations  and  oait  object-attributes.  For 

cxaaple,  a  subject's  description  of  'cigarette*  was  as  followsi 

chopped  cured  tobacco  in  a  paper  roll/  with  or  without  a  filter  at 
the  end/  held  in  the  aouth/  lit  with  a  aatch  and  breathed  through 
to  draw  saoke  into  the  lungs/  found  widely  aaong  huaans/  known  by 
soae  cultures  to  be  daaaging  to  the  lungs/  once  considered 
beneficial  to  health 

Note  that  this  description  contains  both  relational  and  attributional 
inforaation.  Yet  when  the  saae  subject  is  given  the  aetaphor  ’Cigarettes  arc 
like  tiae  boabs. *  his  interpretation  is  purely  in  teras  of  coaaon  relational 
inforaation: 


They  do  their  daaage  after  soae  period  of  tiae  during  which  no 
daaage  aay  be  evident. 
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A  stcond  finding  nis  that  subjtcts  considarid  tht  coaparisons  aorc  apt  to  the 
degree  that  they  could  find  relational  interpretations.  There  aas  a  strong 
positive  correlation  betaeen  rated  aptness  and  relationality  but  no  such 
correlation  for  attributionality.  Adults  thus  deaonstrate  a  strong  relational 
focus  in  interpreting  aetaphor.  They  eaphasize  relational  coaaonalties  in 
their  interpretations  when  possible,  and  they  prefer  aataphors  that  allow  such 
interpretations  (Bentner,  1980;  1986;  Sentner  b  Stuart,  1983). 

Develooaental  q±  aaoping  rules.  The  iaplicit  focus  on  relations  in 
interpreting  analogy  can  seea  so  natural  to  us  that  it  seeas  to  go  eithout 
saying.  One  way  to  see  the  effects  of  the  coapetence  rules  is  to  look  at  cases 
in  which  these  rules  arc  not  followed.  Children  do  not  show  the  kind  of 
relational  focus  that  adults  do  in  interpreting  analogy  and  actaphor.*'*  A 
five-year-old  given  the  figurative  coaparison  *A  cloud  is  like  a  sponge.* 
produces  an  attributional  interpretation,  such  as  'Both  are  round  and  fluffy.* 
A  typical  adult  response  is  'Both  can  hold  water  for  soae  tiae  and  then  later 
give  it  back.*  Nine-year-olds  are  interaediate,  giving  soae  relational 
interpretations,  but  also  aany  responses  based  on  coaaon  ob jeet-attributes 
(Sentner,  1980;  in  press;  6cntner  k  Stuart,  1983).  The  saac  dcvclopaental 
shift  holds  for  choice  tasks  and  rating  tasks  (Billow,  1975;  Sentner,  in 
press).  Thus  there  is  evidence  for  a  dcvclopaental  shift  froa  attributional 
focus  to  relational  focus  in  production,  choice  and  rating  of  analogy 
interpretations. 

Perforaance  Factors  in  Analogical  Napping 

i;.  fluch  cf  ths  ’.  itorat-'C  S’e'.  ::^c-  el  :e-  3^ 

"Tstaphor"  rathor  tnr  f'e  I'.siis  callad  >eta:~;'s'  a'e 

figurative  campariic-e  tr.at  adults  t'e^t  as  a-alagies. 
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As  Pxlstr  (1987)  paints  out,  structure-sspping  aiss  first  and  foreaost  to 
capturt  tht  tssantial  nature  of  analogy:  Nhat  constitutes  an  analogy  and  what 
operations  are  necessary  in  coaprehending  analogy  —  ehat  Narr  (1982)  called 
the  *coaputational *  level  and  Palaer  and  Kiachi  (198S)  call  *i nf oraational 
constraints.*  Thus  structure-aapping  is  in  part  a  coapetence  theory  in  that  it 
attcapts  to  capture  people's  iaplicit  understanding  of  ahich  coaaonalities 
should  belong  to  analogy  and  ahich  should  not.  The  research  described  above 
suggests  that  under  ordinary  conditions  structure-aapping  is  also  a  good 
approxiaation  to  a  perforaance  theory,  for  people's  actual  interpretations  of 
analogies  fit  the  predictions  rather  aell.  But  ahat  happens  if  ae  sake  it 
harder  for  people  to  perfora  according  to  the  rules?  By  the  ideal  rules  of 
analogy,  all  that  aatters  is  achieving  shared  higher-order  relational 
structure.  Here  ac  ask  (1)  hoa  closely  people  approach  the  ideal  under 
difficult  circuastances  and  acre  precisely  (2)  ahat  factors  affect  people's 
perforaance  in  carrying  out  a  structure  aapping. 

Transfer  perforaance.  6entner  and  Toupin  (1986)  posed  this  question 
developaantally.  Me  asked  children  of  five  and  eight  years  of  age  to  transfer 
a  story  plot  froa  one  group  of  characters  to  another.  Tao  factors  aere  varied: 
(1)  the  systcaatici ty  of  the  base  doaain  (the  original  story);  and  (2)  the 
traespareacy  of  the  aapping:  the  degree  to  ahich  the  target  objects  reseabled 
their  corresponding  base  objects.  The  systcaaticity  of  the  original  story  aas 
varied  by  adding  beginning  and  ending  sentences  that  expressed  a  causal  or 
aoral  suaaary.  Otheraise  the  stories  in  the  systeaatic  condition  aere  the  saae 
as  those  in  the  nonsysteaatic  condition.  Transparency  aas  aanipulated  by 
varying  the  siailarity  of  corresponding  characters.  For  exaaple,  the  original 
story  aight  involve  a  chipaunk  helping  his  friend  the  aoose  to  escape  froa  the 
villain  frog.  Then  the  child  aould  be  told  to  act  out  the  story  again,  aith 
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neN  characters.  In  the  high-transparency  sapping,  the  new  characters  Mould 
resesble  the  original  characters:  e.g.,  a  squirrel ^  an  elk  and  a  toad, 
respectively.  In  the  aedi ua-transparency  condition,  three  nea  unrelated 
aniaals  sere  used.  In  the  low-transparency  cross-aapped  condition,  the 
characters  were  siailar  to  the  original  characters,  but  occupied  non¬ 
corresponding  roles:  the  chip§unk,  woose  and  frog  of  the  original  story  would 
aap  onto  an  eit,  a  toad  and  a  squirrel,  respectively.  Me  expected  the  cross- 
aapped  condition  to  be  very  difficult.  More  interestingly,  we  wanted  to  know 
how  robust  the  sapping  rules  are:  how  firaly  can  people  hold  to  a  systeaatic 
aapping  when  surface  siailarity  pushes  thea  towards  a  nonsysteaati c  solution. 

Both  systeaaticity  and  transparency  turned  out  to  be  iaportant  in  deteraining 
transfer  accuracy.  However,  the  two  age  groups  showed  different  patterns. 
Transparency  affected  both  age  groups,  while  systeaaticity  affected  only  the 
older  group.  For  both  iges,  transfer  accuracy  was  nearly  perfect  with  highly 
siailar  corresponding  characters  (high  transparency),  lower  when 
corresponding  characters  were  quite  different,  and  (aediua  transparency)  and 
lower  still  in  the  cross-aapped  condition  (low  transparency).  For  the  older 
group,  systeaaticity  also  had  strong  effects.  As  Figure  7  shows,  eight-year- 
olds  perforaed  virtually  perfectly,  even  in  the  aost  difficult  aapping 
conditions,  when  they  had  a  systeaatic  story  structure.  This  is  noteworthy 
because,  as  can  be  seen  froa  their  perforaance  in  the  nonsysteaatic  condition, 
eight-year-olds  found  the  crossed-eapping  condition  quite  difficult.  Yet  given 
a  systeaatic  relational  structure  to  hold  onto,  they  could  keep  their  aappings 
straight. 

How  does  this  happen?  Sentner  k  Toupin  speculated  that  the  benefit  coaes  in 
part  froa  the  way  shared  systeas  of  relations  help  guide  the  aapping  of  lower- 
order  relations.  An  error  aade  in  aapping  a  particular  relation  froa  base  to 


target  is  eore  likely  to  be  detected  if  there  is  a  higher-order  relation  Mhich 
constrains  that  loeer-order  relation.  Inforeal  observations  in  our  study 


support  this  viee.  The  older  children,  in  the  systeeatic  condition,  Mould 
soeetiees  begin  to  take  an  ob ject-sieilarity-based  error  and  then  correct 
theeselves,  saying  soeething  like  'On  no,  it's  the  bad  one  eho  got  stuck  in 
the  hole,  because  he  ate  all  the  food.*  They  Mere  using  the  systeeatic  causal 
structure  of  the  story  to  overcome  their  local  sapping  difficulties. 


Research  Mith  adults  suggests  that  both  systeaatici ty  and  transparency 
continue  to  be  ieportant  variables.  Both  Ross  (1984;  1987)  and  Reed  (1987) 
have  shoun  that  subjects  are  better  at  transferring  algebraic  solutions  Nhen 
corresponding  base  and  target  objects  are  sieilar.  Reed  (1987)  eeasured  the 
transparency  of  the  sapping  betMsen  two  analogous  algebra  probless  by  asking 
thee  to  identify  pairs  of  corresponding  concepts.  He  found  that  transparency 
Mas  a  good  predictor  of  their  ability  to  notice  and  apply  solutions  froe  one 
probles  to  the  other.  Ross  (1986)  has  investigated  the  effects  of  cross- 
sappings  in  resindings  during  probles-sol ving.  He  found  that,  even  though 
adults  could  still  access  the  prior  probles,  their  ability  to  transfer  the 
solution  correctly  Mas  disrupted  uhen  crossed-sapped  correspondences  Mere 
used.  Robert  Schusacher  and  I  have  found  effects  of  both  systesaticity  and 
transparency  in  transfer  of  device  sodels,  using  a  design  sisilar  to  that  of 
Sentner  li  Toupin  in  Mhich  subjects  transfer  an  operating  procedure  fros  a  base 
device  to  a  target  device. 

The  evidence  is  quite  strong,  then,  that  transparency  sakes  analogical  sapping 
easier.  Thus  literal  sisilarity  is  the  easiest  sort  of  napping,  and  the  one 
for  Mhich  subjects  are  least  likely  to  sake  errors.  The  evidence  also  shOMS 
that  a  systeeatic  base  sodel  prosotes  accurate  sapping.  This  scans  that 
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systciaticity  is  a  perforiance  variable  as  well  a  coapetenct  variable.  Not 
only  do  people  btlitvt  in  achieving  systeeatic  tappings,  they  use  systeeatic 
structure  to  help  thee  perfore  the  tapping. 

Develootental  itol ications;  The  relational  shift.  Like  adults,  the  9-year- 
olds  in  the  Bentner  and  Toupin  study  Mere  affected  by  both  systcoaticity  and 
transparency.  But  the  S-year-olds  shoeed  no  significant  effects  of  systeeatic 
base  structure.  All  that  tattered  to  this  younger  group  tas  the  transparency 
of  the  object  correspondences.  These  results  are  consistent  Mith  the  results 
reported  earlier,  and  Mith  the  general  devtl optental  finding  that  young 
children  rely  on  surface  sitilarity  in  transfer  tasks  (OtLoache,  1983; 
Holyoak,  Junn,  li  Billtan,  1984;  Keil  k  Battcrtan  19B4;  Ketler,  1983;  Shepp, 
1978,  Siith,  1987;  Stith  k  Ketler,  1977)  and  in  eetaphor  tasks  (Asch  k 
Ncrlovt,  1960;  BilloN,  1973;  Bent,  1984;  Sardner,  Kircher,  Minner,  k  Perkins, 
1973;  Kogan,  1973).  These  findings  suggest  a  developaental  shift  frot  reliance 
on  surface  sitilarity,  and  particularly  the  transparency  of  the  object- 
correspondences,  to  use  of  relational  structure  in  analogical  tapping.'* 

Access  Processes 

Nom  He  are  ready  to  tackle  the  issue  of  access  to  analogy  and  sitilarity. 
Before  doing  so,  let  us  reconnoiter  briefly.  I  proposed  at  the  start  of  this 
paper  a  set  of  subprocesses  necessary  for  spontaneous  learning  by  analogy:  (1) 
accessing  the  base  systea;  (2)  perforting  the  tapping  betNten  base  and  target; 
(3)  judging  the  soundness  of  the  aatch;  (4)  storing  inferences  in  the  target; 
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and  (S)  extracting  the  coeeon  principle.  So  far  Me  have  considered  aapping, 
judging  soundness,  and  eaking  inferences.  A  eajor  differentiating  variable  in 
the  research  so  far  is  siei 1 ar i tv  class:  whether  the  eatch  is  aere  appearance, 
analogy,  or  literal  siailarity.  Nom  wc  ask  how  siailarity  class  affects  access 
to  analogy  and  siailarity. 

Accessing  analogy  and  siailarity.  Mhat  governs  spontaneous  access  to  siailar 
or  analogous  situations?  Sentner  &  Landers  (19BS)  investigated  this  question, 
using  a  acthod  designed  to  reseable  natural  long>tera  aeaory  access.  [For 
details  of  this  and  related  studies,  sac  Sentner  &  Landers  (198S)  and  Sentner 
&  Rattcraann  (in  preparation),  and  Ratteraann  It  Sentner  (1987).]  We  first  gave 
our  subjects  a  large  set  of  stories  to  read  and  reaeaber  (18  key  stories  and 
14  fillers).  Subjects  returned  about  a  week  later  and  perforaed  two  tasks:  (1) 
a  resisdiag  task;  and  (2)  a  sound$tss  ratitf  task. 

In  the  reainding  task,  subjects  read  a  new  set  of  18  stories,  each  of  which 
aatched  one  of  the  18  original  stories  as  described  below.  Subjects  were  told 
that  if  any  of  the  new  stories  reainded  thea  of  any  of  the  original  stories, 
they  were  to  write  out  the  original  story  (or  stories)  as  coapletely  as 
possible.  There  were  three  kinds  of  siailarity  aatches  between  base  and 
target: 

*  acre  appearaace:  object-attributes  and  first-order  relations  aatch 
true  aaaiogy:  first-order  relations  and  higher-order  relations  aatch 

-  falst  analogy:  only  the  first-order  relations  aatch. 

In  all  three  cases,  the  base  and  target  shared  first-order  relations.  Other 
coaaonalties  were  added  to  create  the  different  siailarity  conditions.  Table  2 
shows  an  exaaple  set  of  four  stories:  a  base  story  plus  one  exaaple  of  each  of 


Tabl*  2 

SaMpl*  Story  S#t  #or  th#  Access  Experiment 
(Bentner  and  Landers,  1983) 


BASE  story 

Karla,  an  old  hank,  lived  at  the  top  o4  a  tall  oak  tree.  One  afternoon, 
she  saN  a  hunter  on  the  ground  Mith  a  bow  and  soee  crude  arroms  that  had  no 
feathers.  The  hunter  took  aie  and  shot  at  the  hawk  but  eissed.  Karla  knen  the 
hunter  eanted  her  feathers  so  she  glided  down  to  the  hunter  and  offered  to 
give  hie  a  fee.  The  hunter  was  so  grateful  that  he  pledged  never  to  shoot  at  a 
hawk  again.  He  went  off  and  shot  deer  instead. 


sake  the 


True  Analogy  TARGET 

Once  there  eas  a  seall  country  called  Zerdia  that  learned  to  sake  the 
world's  saartest  coaputer. 

One  day  Zerdia  was  attacked  by  its  warlike  neighbor,  Bagrach.  But  the 
missiles  were  badly  aimed  and  the  attack  failed.  The  Zerdian  government 
realized  that  Bagrach  wanted  Zerdian  computers  so  it  offered  to  sell  some  of 
its  computers  to  the  country.  The  government  of  Bagrach  was  very  pleased.  It 
promised  never  to  attack  Zerdia  again. 

Here  Appearance  TARGET 

Once  there  was  an  eagle  named  Zerdia  who  donated  a  few  of  her 
tailfeathers  to  a  sportsman  so  he  would  promise  never  to  attack  eagles. 

One  day  Zerdia  was  nesting  high  on  a  rocky  cliff  when  she  saw  the 
sportsman  coming  with  a  crossbow.  Zerdia  flew  down  to  meet  the  man,  but  he 
attacked  and  felled  her  with  a  single  bolt.  As  she  fluttered  to  the  ground 
Zerdia  realized  that  the  bolt  had  her  own  tailfeathers  on  it. 

False  Analogy  TARGET 

Once  there  was  a  small  country  called  Zerdia  that  learned  to  sake  the 
world's  smartest  coaputer.  Zerdia  sold  one  of  its  supercomputers  to  its 
neighbor,  Bagrach,  so  Bagrach  would  promise  never  to  attack  Zerdia. 

But  one  day  Zerdia  was  overwhelmed  by  a  surprise  attack  from  Bagrach.  As 
it  capitulated  the  crippled  government  of  Zerdia  realized  that  the  attacker’s 
missiles  had  been  guided  by  Zerdian  supercomputers. 
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the  three  kinds  of  eetches.  Each  subject  received  1/3  HA,  1/3  TA,  and  1/3  FA 
Batches,  counterbalanced  across  three  groups. 

After  the  subjects  had  coapleted  the  reeinding  task,  they  perforeed  the 
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soundness  rating  task.  They  Mere  shoen  their  18  pairs  of  stories  side  by 
side,  and  asked  to  rate  each  pair  for  the  soundness  or  inferential  pONer  of 
the  Match  (uith  S  being  'sound*  and  1  being  'spurious*). 


In  the  soundness-rating  task,  subjects  shoued  the  predicted  preference  for 
true  analogies.  The  eean  soundness  ratings  Mere  4.4  for  true  analogy,  2.8  for 
Mere  appearance,  and  2.0  for  false  analogy,  Nith  the  only  significant 
difference  being  beteeen  true  analogy  and  the  other  tMO  Match  types.  This 
aspect  of  the  study  provides  further  evidence  for  the  systeaaticity  principles 
coMoon  higher-order  relational  structure  is  iaportant  in  detersining  the 
subjective  goodness  of  an  analogy. 
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The  results  for  access  Mere  surprising.  Despite  subjects's  retrospecti ve 
agreeoent  that  only  the  analogical  Matches  Mere  sound,  their  natural 
reaindings  did  not  produce  analogies.  Instead,  they  Mere  far  aore  likely  to 
retrieve  superficial  aere-appearance  Matches.  Siven  aere-appearance  Matches, 
subjects  Mere  able  to  access  the  original  story  78X  of  the  tiae,  Mhereas  the 
true  analogies  uere  accessed  only  44Z  of  the  tiae,  and  the  false  analogies, 
2SZ  of  the  tiae.  All  three  differences  Mere  significant,  suggesting  that  (a) 
surface  coaaonal ities  have  the  aost  iaportant  role  in  access  but  that  (b) 
higher-order  relational  coaaonalties  —  present  in  the  true  analogies  but  not 
in  the  false  analogies  —  also  proaote  access. 


V. 

•>. 


Me  have  recently  replicated  these  results,  adding  a  literal  siailarity 
condition,  and  the  results  shoe  the  saae  pattern  (Sentner,  Landers  & 
Ratteraann,  in  preparation;  Ratteraann  &  Sentner,  1987).  In  access,  surface 
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siailarity  steas  to  be  the  doexnant  factor.  Literal  sieilarity  and  eere 
appearance  aatches  are  eore  accessible  than  true  analogies  and  false 
analogies.  In  soundness,  systeeaticity  of  relational  structure  is  the  doeinant 
factor.  True  analogy  and  literal  sieilarity  Mere  considered  sound  and  false 
analogies  and  oere-appearance  aatches  are  not.  Interestingly,  surface 
inforaation  is  superior  in  access  even  for  subjects  Mho  clearly  believe  that 
only  structural  overlap  counts  toMards  soundness.  It  appears  that  analogical 
access  and  analogical  soundness  —  or  at  least  our  subjective  estiaates  of 
soundness  —  arc  influenced  in  different  degrees  by  different  kinds  of 
siai lari ty. 

These  access  results  accord  Mith  the  findings  of  Sick  b  Holyoak  (19B0,  19S3) 
and  of  Reed  (Reed,  1987;  Reed,  Ernst  b  Saner ji,  1974)  and  Ross  (1984,  19B&). 
In  this  research  it  has  reliably  been  deaonstrated  that  subjects  in  a  problce- 
solving  task  often  fail  to  access  prior  aatcrial  that  is  analogous  to  their 
current  problea.  For  exaaple,  in  Sick  and  Holyoak's  (1980,  1983)  studies,  a 
substantial  nuaber  of  subjects  failed  to  access  a  potential  analog  —  and 
therefore  could  solve  the  problea  --  yet,  Mhen  the  experiaenter  suggested  that 
the  prior  aatcrial  Mas  relevant,  they  could  readily  apply  it  to  solve  the 
problea.  This  scans  that  (1)  they  had  clearly  stored  the  prior  analog;  (2)  the 
prior  analog  contained  sufficient  inforaation  to  solve  their  current  problea; 
but  (3)  they  could  not  access  the  prior  analog  solely  on  the  basis  of  the 
current  (analogous)  problea  structure.  Thus,  there  is  converging  evidence  for 
the  glooay  finding  that  relational  coaaonal i ties  often  fail  to  lead  to  access. 
There  is  also  confiraation  for  the  other  side  of  the  coin:  that  surface 
coaaonalties  do  proaote  access  (Holyoak,  1987;  Novick,  1985;  Reed  b 
Ackinclose,  in  preparation;  Ross,  1984,  198&;  Ross  b  Sofka,  1986;  Schuaacher, 
1987).  For  exaaple,  Ross  (1964)  found  clear  effects  of  surface  siailarity  in 
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dttBraining  Mhich  earlier  algebra  probleat  tubjects  nould  be  reainded  of  in 
trying  to  solve  later  probleas.  Reed  and  Ackinclose  (in  preparation)  found 
that  perceived  siailarity,  rather  than  structural  isoaorphise,  nas  the  best 
predictor  of  ahether  subjects  solving  algebra  probleas  Mould  apply  the  results 
of  a  previous  problea  to  a  current  problea.  Overall  siailarity,  and 
especially  surface  siailarity,  appears  to  be  a  aajor  factor  in  accessing 
aaterial  in  long-tcra  aaaory. 

Having  said  all  this,  it  is  iaportant  to  rcaeaber  that  purely  relational 
reainding  does  occur.  Even  young  children  soaetiaes  experience  analogical 
insights,  as  attested  by  Hilda's  analogy  at  the  beginning  of  this  paper.  As 
Johnson-Laird  (1987)  points  out,  though  reaindings  betMeen  reaote  doaains  are 
relatively  rare,  their  occurrence  soaetiaes  sparks  iaportant  creative  advances 
(See  also  Bentner,  1982).  A  correct  aodel  of  access  Mill  have  to  capture  both 
the  fact  that  relational  reaindings  are  coaparati vely  rare  and  the  fact  that 
they  occur. 

Surface  Siailarity  and  Structural  Siailarity 


I  began  this  paper  by  noting  that  siailarity  is  Nidely  considered  to  be  an 


iaportant  deterainant  of  transfer  (Thorndike,  1903;  See  Broan  (1987)  and  BroMn 


it  Caapione,  1983,  for  discussions  of  this  issue.).  The  the  research  revieNed 


here  suggests  that  both  siai lar ity  and  transfer  say  be  too  course  as 


variables.  A  strong  these  in  this  paper,  and  indeed  a  convergent  these  across 


1987,  has  been  the  need  to  sake  finer  differentiations  in  the  notion  of 


siailarity  (Collins  it  Burstein,  1987;  Ortony  b  )1edin,  1987;  Rips  and  Collins, 


13.  Thess  results,  especially  :n  p-obl  e'^-sol  v:  rg  cente'ts,  a-e  p- PC  1  e^ar  i : 

the  plan-based  irdeiing  view  held  by  itany  researcher's  ir  art.^.cial 
irtelligence.  See  Sent*. er  (in  press)  for  a  discussion.'. 
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1907;  Ross,  1987;  Soith,  1907).  Th#  rtstsrch  discusstd  in  this  chipttr  further 
suggests  that  tr»»sftr  eust  be  decoaposcd  into  different  subprocesses  that 
interact  differently  with  different  kinds  of  sieilarity.  Thus  the  sieple 
stateeent  'Sieilarity  is  iaportant  in  transfer'  aay  conceal  a  vast  set  of 
interactions  beteeen  different  varieties  of  sieilarity  and  different 
subprocesses  in  transfer. 

Based  on  the  research  presented  so  far,  it  appears  that  different 
subprocesses  are  affected  by  different  kinds  of  sieilarity.  Acctss  is  strongly 
influenced  by  surface  sieilarity  and  only  eeakly  influenced  by  structural 
sieilarity  4»aiogicai  eappiog  is  strongly  influenced  by  structural  sieilarity, 
including  shared  systeeaticity;  it  eay  also  be  eeakly  influenced  by  surface 
sieilarity.  Jitdgitg  souadaess  is  chiefly  influenced  by  structural  sieilarity 
and  systeeaticity.  Finally,  txtncting  aad  storitg  tht  principlt  underlying  an 
analogy  seees  likely  to  be  governed  by  structural  sieilarity  and 
systeeaticity.  There  is  thus  a  relational  shift  in  processing  an  analogy  froe 
Surface  to  structural  coeeonalities. 


Sieilarity-based  access  say  be  a  rather  priaitive  aechanisa  —  a  low-cost, 
low-specificity,  high-quantity  process,  requiring  little  conscious  effort. 
Analogical  sapping  and  judging  soundness  are  rather  sore  sophisticated.  They 
are  often  soaewhat  effortful,  they  often  involve  conscious  reasoning,  and, 
unlike  access,  they  can  be  specifically  tailored  to  different  kinds  of 
sieilarity.  One  can  choose  whether  to  carry  out  a  napping  as  an  analogy  or  as 
a  aere-appearance  natch,  for  exanple;  but  one  cannot  choose  in  advance  whether 
to  access  an  analogy  or  a  aere-appearance  natch.  Access  has  the  feel  of  a 
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passivt  procffss  that  siaply  produces  soee  nueber  of  eatches  that  the  reasoner 


can  accept  or  reject.  Finally,  one  suspects  that  the  processes  of  eapping  and 
judging  soundness  are  heavily  influenced  by  culturally  learned  strategies. 
Access  processes  seee  less  aaenable  to  learning.  To  the  extent  that  experts 
differ  froB  novices  in  their  access  patterns,  I  suspect  this  results  chiefly 
from  experts  having  different  knowledge  representations  (t.g.,  possessing 
relational  abstractions),  rather  than  different  access  processes 

It  is  teepting  to  speculate  that  sieilarity-driven  access  involves  soeething 
rather  like  a  ballistic  process,  Mhile  eapping  and  judging  soundness  are  eore 
discretionary  processes.  In  any  case,  as  Me  eove  down  free  access  to  eapping 
and  judging  soundness  there  is  a  sense  of  increasing  volitional  control  over 
the  processes.  To  use  an  analogy,  gaining  access  to  long  tere  eeeory  is  a  bit 
like  fishing:  the  learner  can  bait  the  hook  —  i.e.  set  up  the  working  eeeory 
probe  —  as  she  chooses,  but  once  the  line  is  thrown  into  the  water  it  is 
iepossible  to  predict  exactly  which  fish  will  bite. 

The  access  bias  for  overall-siei larity  and  surface-sieilarity  eatches  rather 
than  abstract  analogical  reeindings  eay  seee  like  a  poor  design  choice  froe  a 
eachine-learning  standpoint.  But  there  eay  be  good  reasons  for  this  bias 
towards  overall  sieilarity.  First,  a  conservative,  overal 1 -siei lar i ty  bias  eay 
be  reasonable  given  the  large  size  of  huean  data  bases  relative  to  current  AI 

systees.  The  costs  of  checking  all  potential  relational  eatches  eight  be 

prohibitive.  Second,  a  conservative  catching  strategy  eight  be  prudent  for 
eobile  biological  beings.  Third,  by  beginning  with  overall  sieilarity  the 
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Itarnir  4II0MS  tht  rilational  vocabulary  to  groM  to  fit  the  data.  This  aay  be 
one  reason  children  learn  language  so  such  better  than  adults  (cf.  Nesportt 
1984). 

These  argusents  suggest  that  huean  access  is  geared  tOMards  literal 
siailarity.  But  shat  about  the  fact  that  our  access  scchanlsos  also  fall  for 
■ere*appearance  aatches?  Possibly,  this  coaes  about  as  a  by-product  of  the 
overall-siailarity  bias.  By  this  account,  it  is  a  design  flaa,  but  perhaps  a 
fairly  ainor  one  for  concrete  physical  doaains,  ahere  appearances  tend  not  to 
be  vary  deceiving.  Vary  often,  things  that  look  alike  are  alike.  (See  Sentner, 
in  press;  Hedin  k  Ortony,  1987;  Hattenaaker,  Nakaaura  ii  lledin,  1986.)  Where 
surface  aatches  bacoac  least  reliable  is  in  abstract  doaains  such  as  plane 
gaoaatry  or  Naatonian  acchanics.  The  novice  aho  assuacs  that  ahat  looks  like  a 
pulley  should  be  solved  like  the  last  pulley  problea  aill  often  be  arong  (Chi, 
Feltovich  It  Blaser,  1981).  Thus  our  surface-oriented  accessor  can  be  an 
obstacle  to  learning  in  abstract  doaains,  ahere  the  correlation  betaeen 
surface  features  and  structural  features  is  loa. 

laplications  for  Learning 

Noa  let's  put  together  these  findings  and  ask  hoa  they  bear  on  experiential 
learning.  This  discussion  is  based  on  that  given  by  Forbus  k  Sentner  (1983, 
1986).  Forbus  and  Sentner  exaained  the  role  of  siailarity  coaparisons  in  the 
progression  froa  early  to  later  representations.  A  key  assuaption  here  is  that 
iaplicit  coaparisons  aaong  related  knoaledge  structures  are  iaportant  in 
learning  (Brooks,  1978;  Jacoby  k  Brooks,  1984;  Nedin  k  Schaffer,  1978; 
Mattenaaker,  Nakaaura  k  Nedin,  1986).  Ne  conjecture  that  such  of  experiential 
learning  proceeds  through  spontaneous  coaparisons  ---  ahich  aay  be  iaplicit  or 
explicit  -  betaaen  a  current  situation  and  prior  siailar  or  analogous 
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situations  that  the  learner  has  stored  in  eeeory.  Me  also  assueed  that  early 


representations  are  characteristically  rich  and  perceptual  1  y~t>ased.  That  is, 
early  doaain  representations  diHer  ^roe  eore  advanced  representations  ai  the 
saae  doeain  in  containing  eore  perceptual  inforaation  specific  to  the  initial 
context  of  use.  Mhat  docs  this  predict?  First,  in  teres  of  access,  the  greater 
the  surface  eatch  the  greater  the  likelihood  of  access.  Thus  the  eatches  that 
are  likely  to  occur  cost  readily  are  literal  sieilarity  eatches  and  sere 
appearance  catches. 

Once  the  base  doeain  has  been  accessed  the  capping  process  occurs.  To  transfer 
knoeledge  froe  one  doeain  to  another  a  person  oust  not  only  access  the  base 
doeaini  he  oust  also  set  up  the  correct  object  correspondences  beteeen  the 
base  and  target  and  cap  predicates  across.  At  this  level,  a  oix  of  deep  and 
surface  factors  seeos  to  operate.  Systeeatici ty  and  structural  sieilarity 
becoee  crucial,  but  also  the  transparency  of  the  object  correspondences 
(Sentner  h  Toupin,  1906;  Reed,  1987;  Ross,  in  press).  It  appears  that,  for 
adults  and/or  experts,  systeeaticity  can  to  soee  extent  coepensate  for  lack  of 
transparency.  The  rules  of  analogy  are  clear  enough  and  the  relational 
structures  robust  enough  to  alloe  accurate  sapping  eithout  surface  support. 
But  for  children  and  novices,  surface  sieilarity  is  a  key  detereinant  of 
success  in  analogical  sapping. 

To  the  extent  that  children  and  novices  rely  on  surface  sieilarity  in 
accessing  and  sapping  analogies,  they  are  lieited  to  literal  sieilarity 
eatches  and  sere-appearance  eatches.  The  disadvantage  of  sere  appearance 
eatches  is  obvious:  they  are  likely  to  lead  to  wrong  inferences  about  the 
target.  But  even  literal  sieilarity  eatches  have  their  lieitations.  For 
purposes  of  explicitly  extracting  causal  principles,  literal  sieilarity 
Batches  are  probably  less  useful  than  analogies.  In  an  analogical  eatch,  the 


shared  data  structure  is  sparse  enough  to  pereit  the  learner  to  isolate  the 
key  principles.  In  literal  sieilarity,  there  are  too  eany  coeeon  predicates  to 
know  which  are  crucial  (Forbus  ft  Sentner,  1983,  1986;  Ross,  1987;  Katteneaker , 
Nakaeura  k  Hedin,  1986) 

Hon  do  learners  escape  the  confines  of  literal  sieilarity?  One  way,  of  course, 
is  through  explicit  instruction  about  the  relevant  abstractions.  But  there  eay 
be  Nays  within  experiential  learning  as  Nell.  If  ue  speculate  that  the  results 
of  a  sieilarity  coeparison  becoae  slightly  oore  accessible  (Elio  it  Anderson, 
1983;  Sick  6  Holyoak,  1983;  Ortony,  1979)  then  repeated  instances  of  near- 
literal  sieilarity  could  gradually  increase  the  salience  of  the  relational 
cooeonal i ties.  At  soee  point  the  relational  structures  becoae  sufficiently 
salient  to  allow  analogy  to  occur.  Once  this  happens,  there  is  soee  likelihood 
of  noticing  the  relational  coeaonal i ties  and  extracting  thee  for  future  use. 
(This  conjectural  sequence,  which  is  essentially  that  proposed  in  Forbus 
Sentner  (1963,  1986),  hinges  on  the  claia  that  the  results  of  an  analogy  are 
sparser  and  therefore  aore  inspcctable  than  the  results  of  a  literal 
siailarity  coaparison.  Hence  the  probability  of  noticing  and  extracting  the 
coaaon  relational  structure  is  greater.)  The  extracted  relational  abstractions 
can  then  influence  encoding.  With  sufficient  doaain  knowledge,  the  set  of 
known  abstractions  —  such  as  'flow-rate*  or  'positive  feedback  situation*  -- 
becoaes  large  enough  to  allow  relational  encoding  and  retrieval. 

The  post-access  processes  can  be  influenced  both  by  individual  training  and  by 
local  strategies.  I  suspect  that  this  is  the  area  in  which  training  in 

thinking  skills  can  be  of  aost  benefit.  For  exaaple,  people  aay  learn  better 

skills  for  checking  potential  aatches  and  rejecting  bad  aatches,  and  perhaps 
also  skills  for  tinkering  with  potential  aatches  to  aake  thea  aore  useful 

(Cleaent,  1983,  1986).  However,  I  suspect  that  soae  parts  of  the  systea  will 


alMays  reaain  outside  direct  volitional  control.  To  return  to  the  fishing 
analogy,  Me  can  learn  to  bait  the  hook  better,  and  once  the  fish  bites  mc  can 
learn  better  skills  for  landing  it,  identifying  it,  and  deciding  whether  to 
keep  it  or  throw  it  back.  But  no  eatter  hoM  accurate  the  pre-access  and  post¬ 
access  processes,  the‘'e  is  always  uncertainty  in  the  eiddle.  Mhen  we  throw  the 
hook  into  the  current  we  cannot  detcreine  exactly  which  fish  will  bite.  A 
strategic*!' y  Managed  interplay  between  discretionary  and  autoaatic  processes 
■ay  be  the  Most  productive  technique  for  analogical  reasoning. 
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Carnegie-Mellon  University 
Pittsburgh,  PA  15213 


Or.  Steve  Andriole 
George  Mason  University 
School  of  Information 
Technology  k  Engineering 
4400  University  Drive 
Fairfax,  VA  22030 


Technical  Director,  ARI 
SOOl  Eisenhower  Avenue 
.Alexandria,  VA  22333 


Or.  Gary  Astoo-Jones 
Department  of  Biology 
New  York  University 
1009  .Main  Bldg 
Washington  Square 
.New  York.  NY  10003 


Dr.  Eva  L.  Baker 
UCLA  Center  for  the  Study 
of  Evaluation 
145  Moore  Hall 
Univeriity  of  California 
Los  Angeles,  CA  90024 


Or.  .Meryl  S.  Baker 

Navy  Personnel  RJhO  Center 

San  Diego,  CA  92152-8800 


prof.  dott.  Bruno  G.  Bara 
Unita  di  ricerca  di 
intelligenia  artiSciale 
Universita  di  Milano 
20122  Milano  -  via  F.  Sforia  23 
ITALY 


Or.  William  M.  Bart 
University  of  Minnesota 
Dept,  of  Educ.  Psychology 
330  Burton  Hall 
178  Pillsbury  Dr..  S.E. 
Minneapolis,  MN  55455 


Leo  Beltracchi 

U.S.  Nuclear  Regulatory  Comm. 
Washington,  D  C.  20555 

V 

Dr.  Mark  H.  Bickhard 
Univeriity  of  Texas 
EDB  504  ED  Psych 
Austin,  Texas  78712 


Or.  Gautam  Biswas 
Department  of  Computer  Science 
University  of  South  Carolina 
Columbia,  SC  29208 


Dr.  John  Black 

Teachers  College,  Columbia  Univ. 
525  West  121st  Street 
New  York.  NY  10027 


Dr.  Sue  Bogner 
Army  Research  Institute 
ATTN;  PERI-SF 
5001  Eisenhower  Avenue 
Alexandrai,  VA  22333-5800 


Dr.  JeffBonar 
Learning  RftD  Center 
Univeriity  of  Pittsburgh 
Pittsburgh,  PA  15280 


Dr.  Gordon  H.  Bower 
Department  of  Psychology 
Stanford  University 
Stanford,  CA  94308 


Dr.  Robert  Breaux 
Code  N-09SR 

Naval  Training  Systems  Center 
Orlando,  FL  32813 


Dr.  Aon  Brown 

Center  for  the  Study  of  Reading 
University  of  niiooii 
51  Gerty  Drive 
Champaign,  0.  81280 


Dr.  John  S.  Brown 
JSROX  Palo  Alto  Research 
Center 

3333  Coyote  Road 
Palo  Alto,  CA  94304 


Dr.  Bruce  Buchanan 
Computer  Science  Department 
Stanford  University 
Stanford,  CA  94305 


Maj.  Hugh  Burns 
.AFHRL/IDE 

Lowry  AFB,  CO  80230-5000 


Dr  Patricia  A.  Butler 
OERI 

555  New  Jersey  Ave  ,  .NW 
Waihington,  DC  20208 
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Dr.  JoMph  C.  Campioae 
Caster  for  the  Study  of  Readinf 
Usiversity  of  Uliooit 
SI  Gerty  Drive 
Champaigo,  IL  S1820 


Jossoe  Capper 

Center  for  Reieareli  into  Practice 
1718  Connecticut  Are.,  N.W. 
Waebisgton,  DC  20009 


Dr.  Jaime  Carbonetl 
Caraegie-Mellon  Univeriity 
Department  of  Ptychoiogy 
Pittiburgh,  PA  15213 


Dr.  Suian  Carey 
Harvard  Graduate  School  of 
Education 

337  Gutman  Library 
Appian  Way 
Cambridge,  MA  02138 


Dr.  Pat  Carpenter 
Carnegie-Mellon  Univeriity 
Department  of  Ptycbology 
PitUburgb,  PA  1S213 


LCDR  Robert  Carter 
OfHce  of  tbe  Chief 
of  Naval  Operationi 
OP-OIB 
Pentagon 

Waibington,  DC  203SO-2000 
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Chair,  Department  of 
Psychology 

College  of  Arte  and  Sdencee 
Catholic  Univeriity  of 
America 

Wafhington,  OC  20004 


Dr.  Fred  Chang 

Navy  Personnel  RftO  Center 

Code  51 

San  Diego,  CA  92152-8800 


Dr.  Davida  Charney 
English  Department 
Pena  State  University 
University  Park,  PA  16802 
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Dr.  Paul  R.  Chatelier 

OUSDRE 

Pentagon 

Washington,  DC  20350-2000 


Dr  Allan  M  Collins 
Bolt  Beranek  A  Newman.  loc 
50  Moulton  Street 
Cambridge,  MA  02138 


Or.  Michelene  Chi 
Learning  RAO  Center 
University  of  Pittsburgh 
3939  O'Hara  Street 
PitUburgh,  PA  15213 


Dr  Stanley  Collyer 
OfBce  of  Naval  Technology 
Code  222 

800  N  Quincy  Street 
Arlington,  VA  22217-5000 


Or.  Susan  E.  Chipman 
1142CS 

Personnel  and  Training  Research  Progr 
Office  of  Naval  Research,  Code  1142PT 
Arlington,  VA  22217-5000 
(8  copies) 


Or.  L.  J.  Chmura 
Computer  Science  and 
Systems  Branch 
Naval  Research  Lab. 
Washington,  DC  20375-5000 


Mr.  Raymond  E.  Christa! 
AFHRL/MOE 
Brooks  AJFB,  TX  78235 


Professor  Chu  Tien-Chen 
Mathematics  Department 
National  Taiwan  University 
Taipei,  TAIWAN 


Dr.  Yee-Yecn  Chu 

Perceptronics,  Ine.  H  ' 

21111  Erwin  Street 

Woodland  Hills,  CA  91387-3713 


Dr  William  Crano 
Department  of  Psychology 
am  Texas  AAM  University 
College  Station.  TX  77843 


Brian  Dailman 

3400  TTW/TTGXS 

Lowry  AFB  CO  *0230- SOOO 


Dr  Laura  Davis 
NRL/NCARAl.  Code  7510 
4555  Overlook  Ave  SW 
Washington.  DC  20375-5000 


Dr  Natalie  Dchn 
Department  of  Computer  and 
Information  Science 
University  of  Oregon 
Eugene  OR  97403 


Dr  Gerald  F  DeJong 
Artiicial  Intelligence  Group 
Coordinated  Science  Laboratory 
University  of  Illinois 
Urbane,  IL  61801 


Dr.  William  Clancey 
Stanford  Univeriity 
Knowledge  Systems  Laboratory 
701  Welch  Road,  Bldg.  C 
Palo  Alto,  CA  94304 


Goery  Delacote 
Directeur  de  L'informatique 
ScientiBque  et  Technique 
CNRS 

15,  Qnai  Anatole  France 
75700  Paris  FRANCE 
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Or.  Charles  Clifton 
Tobin  Hall 

Department  of  Psychology 
University  of 
Massachusetts 
Amherst,  MA  01003 


Dr.  Sharon  Derry 
Florida  State  University 
Department  of  Psychology 
Tallahassee,  FL  32306 


Dr  Andrea  di  Seeia 
University  of  California 
School  of  Education 
Tolman  Hall 
Berkeley,  CA  94720 
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Dr  R.  K.  Diimukc* 

Aiiociat*  Director  for  Life  Scieocet 

AFOSR 

Bolliof  AFB 

Wuhioftoo,  DC  20332 


Dr.  SUphuit  Doui 
Code  8021 

Nevil  Air  Deveiopment  Center 
Wnrmioeter,  PA  18974-5000 


Dr  Emnnuet  Donchin 
Univeriity  of  Dlinoii 
Department  of  Psyeliology 
Cbampaifn,  H  81820 


Defenie  Technical 
Information  Center 
Cameron  Station,  Bld(  S 
Alexandria.  VA  223U 
Attn:  TC 
(12  Copies) 


Dr  Thomas  M.  DulTy 
Communications  Desifn  Center 
Carnefie-Mellon  University 
Schenley  Pvk 
Pittsburfh.  PA  15213 


Dr  Richard  Duran 
University  of  California 
Santa  Barbara.  CA  93108 


Dr  John  Ellis 

Navy  Personnel  RftD  Center 
San  Diefo,  CA  92252 


Dr  Susan  Embretson 
University  of  Kansas 
Psycholofy  Department 
428  Eraser 
Lawrence,  KS  8804$ 


Dr  Randy  Eofle 
Department  of  Psychology 
University  of  South  Carolina 
Columbia,  SC  29208 


Or  Susan  Epstein 
Hunter  College 
144  S.  Mountain  Avenue 
.Montclair,  NJ  07042 


ERIC  Facility-Acquisitions 
4833  Rugby  Avenue 
Bethesda,  .MD  20014 


Dr.  K.  Anders  Ericsson 
University  of  Colorado 
Department  of  Psychology 
Boulder,  CO  80309 


Dr.  Jean  Claude  Falmagne 
Department  of  Psychology 
New  York  University 
New  York,  NY  10003 


Dr  Beatrice  J  Farr 
Army  Research  Institute 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 


Dr.  Pat  Federico 
Code  511 
NPRDC 

San  Diego,  CA  92152-8800 


Dr.  Paul  Feltovich 
Southern  Illinois  University 
School  of  Medicine 
.Medical  Education  Department 
P  O  Box  3928 
Springfield.  IL  82708 


Mr  Wallace  Feurseig 

Educational  Technology 

Bolt  Beranek  k  Newman 

10  Moulton  St.  %  ' 

Cambridge,  MA  02238 


Dr  Gerhard  FiKher 
University  of  Colorado 
Department  of  Computer  Science 
Boulder,  CO  80309 


J  D  Fletcher 
9931  Corsica  Street 
Vienna  VA  22180 


Dr.  Linda  Flower 
Carncgie-Mellon  University 
Department  of  English 
Pittsburgh.  PA  15213 


Dr  Kenneth  D  Forbus 

'.-i 
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University  of  Illinois 

a'.. 

Department  of  Computer  Science 

i 

1304  West  Springfield  Avenue 

Urbana,  IL  81801 

Dr.  Barbara  A.  Fox 
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University  of  Colorado 

Department  of  Linguistics 

Boulder.  CO  80309 

5 

Dr  John  R.  Frederiksen 

r; 

Bolt  Beranek  k  Newman 

50  Moulton  Street 

Cambridge,  MA  02138 

Dr.  Norman  Frederiksen 

Educational  Testing  Service 

Princeton,  NJ  08541 

Dr.  Michael  Friendly 

V 

V“, 

Psychology  Department 

*• 

York  University 

'■r 

Toronto  Ontario 

CANADA  M3J  1P3 

Julie  A.  Gadsden 

< 

• 

Information  Technology 

.'J 

Applications  Division 

Admiralty  Research  Establishment 

Portsdown,  Portsmouth  P08  tAA 

UNITED  KINGDO.M 

> 

Dr  Michael  Genesereth 

■:s 

• 

Stanford  University 

• « 

Computer  Science  Department 

Stanford,  CA  94305 

V, 

Dr  Dedre  Gentner 

University  of  Illinois 

Department  of  Psychology 
803  E  Daniel  St 
Champaign,  IL  81820 


Chair  Department  of 
Psychology 

George  Mason  University 
Fairfax.  VA  22030 


Chair  Department  of 
Psychology 

Georgetown  University 
Washington,  DC  200S7 
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Dr  Robert  Olaier 
Leuninc  RtMarch 
t  Oevelopnieat  Center 
University  of  Pittsburgh 
3939  O'Hsrs  Street 
Pittsburgh,  PA  15280 


Or  Arthur  M.  Glenberg 
University  of  Wisconsin 
W.  S.  Brogden  Psychology  Bldg. 
1202  W  Johnson  Street 
Msdison,  W1  53706 


Dr.  Sun  Glucksberg 
Department  of  Psychology 
Princeton  University 
Princeton,  NJ  08540 


Dr.  Susan  Goldman 
University  of  California 
Santa  Barbua,  CA  93106 


Dr.  Sherrie  Gott 
AFHRL/MODJ 
Brooks  ATB,  TX  78235 


Dr  T  Govindaraj 
Georgia  InstituU  of  Technology 
School  of  Industrial  k  Systems 
Engineering 
Atlanta,  GA  30332 


Dr.  Wayne  Gray 
Army  Reseuch  Institute 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 


Dr  James  G  Greeao 
University  of  California 
Berkeley,  CA  94720 


Dr.  Oik  Gregory 
Behavioral  Sciences  Division 
Admiralty  Research  Establishment 
Teddington,  Middlesex 
ENGLAND 


Dr  Gerhard  Grossing 
Atominstitut 
Schuttelstrasse  115 
Vienna,  AUSTRIA  a- 1020 


Prof  Edward  Haertel 
School  of  Education 
Stanford  University 
Stanford,  CA  94305 


Dr.  Henry  M.  Half 
Halir  Resources,  Inc. 
4918  33rd  Road.  North 
Arlington,  VA  22207 


Dr.  Ronald  K.  Hambleton 
Prof  of  Education  k  Psychology 
University  of  Massachusetts 
at  Amherst 
Hills  House 
Amherst,  MA  01003 


Stevan  Harnad 
Editor,  The  Behavioral  and 
Brain  Sciences 
20  Nassau  Street.  Suite  240 
Princeton,  NJ  08540 


Dr  Wayne  Harvey 
SRI  International 
333  Ravenswood  Ave. 
Room  B-S324 
Menlo  Puk.  CA  94025 


Dr  Reid  Hastie 
Northwestern  University 
Depvtment  of  Psychology 
Evanston,  0.  60201 


Dr  Joan  I  Heller 
505  Haddon  Road 
Oakland,  CA  94606 


Or  Jim  Hollan 
Intelligent  Systems  Group 
Institute  for 

Cognitive  Science  (C-015) 
UCSD 

La  Jolla,  CA  92093 


Dr  Melissa  Holland 
Army  Reseuch  Institute  for  the 
Behavioral  and  Social  Sciences 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 


Dr.  Keith  Holyoak 
University  of  Michigan 
Human  Performance  Center 
330  Packard  Road 
Ann  Arbor,  MI  48109 


Ms  Julia  S  Hough 
Lawrence  Erlbaum  Associates 
6012  Greene  Street 
Philadelphia.  PA  19144 


Or  James  Howard 
Dept  of  Psychology 
Human  Performance  Laboratory 
Catholic  University  of 
America 

Washington.  DC  20064 


Prof  John  R.  Hayes 
Carnegie-Mellon  University 
Depvtment  of  Psychology 
Schenley  Pvk 
Pittsburgh,  PA  15213 


Or  Bvbva  Hayes-Roth 
Depvtment  of  Computer  Science 
Stanford  University 
Stanford,  CA  95305 


Dr  Fred  Vick  Hayes-Roth 

Teknowledge 

525  University  Ave. 

Palo  Alto,  CA  94301 


Dr  Shirley  Brice  Heath 
School  of  Education 
Stanford  University 
Stanford.  CA  94305 


Dr.  Evl  Hunt 
Department  of  Psychology 
University  of  Wwhington 
Seattle,  WA  98105 


Dr.  Ed  Hutchins 
Intelligeat  Systems  Group 
Institute  for 

Cognitive  Science  (C-015) 
UCSD 

La  Jolla.  CA  92093 


Dr  Barbara  Hutson 
Virginia  Tech 
Graduate  Center 
2990  Telestar  Ct 
Falls  Church,  VA  22042 
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Dr.  Barbel  lahelder 
Uaiveriity  of  Geneva 
Geneva  SWITZERLAND  12U-4 


Dr.  Dillon  Inouye 
WICAT  Education  Inatitute 
Provo,  UT  840S7 


Dr.  Alice  lien 
Department  of  Piycholoor 
Univeriity  of  Maryland 
Catoniville,  MD  21228 


Dr.  Robert  Jannarone 
Department  of  Piycholoiy 
Univeriity  of  South  Carolina 
Columbia,  SC  28208 


Dr.  Claude  Janvier 
Directeur,  CIRAOE 
Univeriite'  du  Quebec  a  Montreal 
Montreal,  Quebec  H3C  3P8 
CANADA 


Dr.  Robin  JelTrici 
Hewlett-Packard  Laboratoriei 
P  O.  Box  10490 
Palo  Alto,  CA  94303-0971 


Dr  Robert  Jerniian 
Deciiion  Reiource  Syitemi 
SS9S  Vantafe  Point  Road 
Columbia,  MD  21044 


Margaret  Jerome 

c/o  Dr.  Peter  Chandler 

83,  The  Drive 

Hove 

Sumex 

UNITED  KINGDOM 


Chair,  Department  of 
Piychology 

The  John!  Hopkini  Univeriity 
Baltimore,  MD  21218 


Dr  Douflai  A.  Jonee 
Thatcher  Jonee  Ataoc. 
P  0  Box  8840 
10  Trafalgar  Court 
Lawrenceviile 
NJ  08848 


Dr.  Marcel  Juit 
Carnegie-Mellon  Univeriity 
Department  of  Piychology 
Schenley  Park 
Pittiburgb,  PA  1S213 


Dr.  Daniel  Kahneman 
The  Univeriity  of  Britiih  Columbia 
Department  of  Piychology 
¥184-2063  Main  Mall 
Vancouver,  Britiih  Columbia 
CANADA  V6T  1Y7 


Dr.  Ruth  Kanfer 
Univeriity  of  Minnesota 
Department  of  Psychology 
Elliott  Hall 
75  E.  River  Road 
Minneapolii,  MN  $8455 


Dr.  Mary  Grace  Kantowiki 
Univeriity  of  Florida 
Mathematics  Education 
359  Norman  Hall 
Gainesville,  FL  32611 


Dr.  Milton  S.  Katt 
Army  Research  Institute 
5001  Eisenhower  Avenue 
Alexandria,  VA  22333 


Dr.  Frank  Keil 
Department  of  Psychology 
Cornell  University 
Ithaca,  NY  14860 


Or.  Wendy  Kellogg 

IBM  T  J  Watson  Research  Ctr 

P  .O  Box  218 

Yorktown  Heighti.  NY  10598 


Dr  Dennis  Kibler 
University  of  California 
Department  of  Information 
and  Computer  Science 
Irvine,  CA  92717 


Or  David  Kieras 
University  of  Michigan 
Technical  Communication 
College  of  Engineering 
1223  E.  Engineering  Building 
Ann  Arbor,  MI  48109 


Dr  Peter  Kincaid 
Training  Analysis 
&  Evaluation  Group 
Department  of  the  Navy 
Orlando,  FL  32813 


Or.  Walter  Kintsch 
Department  of  Psychology 
Univeriity  of  Colorado 
Campui  Box  345 
Boulder,  CO  80302 


Dr  David  Klahr 
Carnegie-Mellon  University 
Department  of  Psychology 
Schenley  Park 
Pittsburgh,  PA  15213 


Dr  Maiie  Knerr 
Program  Manager 
Training  Research  Division 
HumRRO 

IlOO  S.  Washington 
Alexandria,  VA  22314 


Dr.  Janet  L  Kolodner 
Georgia  Institute  of  Technology 
School  of  Information 
ft  Computer  Science 
Atlanta,  GA  30332 


Dr  Stephen  Kosslyn 
Harvard  University 
1238  William  James  Hall 
33  Kirkland  St 
Cambridge.  MA  02138 


Dr  Kenneth  Kotovsky 
Department  of  Psychology 
Community  College  of 
Allegheny  County 
800  Allegheny  Avenue 
PitUburgh,  PA  15233 


Dr  David  H.  Kranti 
2  Washington  Square  Village 
Apt  «  15J 

New  York,  NY  10012 


Dr  Benjamin  Kuipers 
University  of  Texas  at  Austin 
Department  of  Computer  Sciences 
T  S  Painter  Hall  3  28 
Austin,  Texas  78712 
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Dr  David  R.  Lambert 

Dr  Michael  Levine 

Dr.  James  McMichael 

Naval  Ocean  Syitemi  Center 

Educational  Psychology 

Assistant  for  .MPT  Research 

Code  441T 

210  Education  Bldg 

Development,  and  Studies 

271  Catalina  Boulevard 

University  of  Illinois 

OP  01B7 

San  Diego,  CA  921S2-6S00 

Champaign,  Q.  91820 

Washington,  DC  20370 

Dr.  Pat  Langley 

Dr.  Clayton  Lewis 

Dr  Barbara  Means 

University  of  California 

University  of  Colorado 

Human  Resources 

Department  of  Information 

Department  of  CompuUr  Science 

Research  Organisation 

and  Computer  Science 

Campus  Box  430 

1100  South  Washington 

Irvine.  CA  «2717 

Boulder.  CO  80309 

Alexandria,  VA  22314 

Dr.  Marcy  Lansman 

Matt  Lewis 

Dr.  Douglas  L.  Medin 

University  of  North  Carolina 

Department  of  Psychology 

Department  of  Psychology 

The  L.  L.  Thurstons  Lab. 

Carnegie-Mellon  University 

University  of  Illioois 

Davie  Hall  013A 

PitUburgh,  PA  15213 

603  E.  Daniel  Street 

Chapel  Hill,  NC  27SU 

Library 

Champaign,  IL  61820 

Dr.  Jill  Larkin 

Naval  Training  Systems  Center 

Dr  George  A  Miller 

Carnegie-Mellon  University 

Orlando,  FL  32813 

Department  of  Psychology 

Department  of  Psychology 

Green  Hall 

Pittsburgh,  PA  15213 

Princeton  University 

Dr.  Jane  Malin 

Mail  Coda  SR  111 

Princeton,  NJ  08540 

Dr  Jean  Lave 

NASA  Johnson  Space  Center 

School  of  Social  Sciences 

Houston,  TX  nOS8 

Dr  William  Montague 

University  of  California 

NPRDC  Code  13 

Irvine.  CA  92717 

Or  William  L.  Maloy 

Chief  of  Naval  Education 

San  Diego.  CA  92152-6800 

Dr  Robert  Lawler 

and  Training 

Dr  Allen  Munro 

Information  Sciences,  FRL 

Naval  Air  Station 

Behavioral  Technology 

GTE  Laboratories,  Inc 

Pensacola,  FL  32S08 

Laboratories  -  USC 

40  Sylvan  Road 

1845  S  Elena  .4.ve  ,  4tb  Floor 

Waltham,  MA  02254 

Dr.  Sandra  P  Marshall 

Dept,  of  Psychology 

Redondo  Beach,  CA  90277 

Dr  Alan  M.  Lesgold 

San  Diego  State  University  '»  ' 

Chair,  Department  of 

Learning  RRO  Canter 

San  Diego.  CA  92182 

Computer  Science 

University  of  Pittsburgh 

U.S.  Naval  Academy 

PitUburgh,  PA  15200 

Dr  Manton  M.  Matthews 

Department  of  Computer  Science 

Annapolis,  MD  21402 

Dr.  Jim  Levin 

University  of  South  Carolina 

Dr.  Allen  Newell 

Dept,  of  Educational  Psy. 

Columbia,  SC  29208 

Department  of  Psychology 

210  Education  Building 

Carnegie-Mellon  University 

1310  South  Sixth  St. 

Schenley  Park 

Champaign,  IL  01810-9090 

Dr  Richard  B.  Mayer 

Department  of  Psychology 

University  of  California 

PitUburgh,  PA  15213 

Dr.  John  Levine 

Santa  Barbara.  CA  93100 

Dr.  Richard  E  Nisbett 

Learning  RAD  Center 

University  of  Michigan 

University  of  Pittsburgh 

Institute  for  Social  Research 

PitUburgh,  PA  15290 

Dr  Joe  McLachlan 

Room  S261 

Navy  Personnel  RAD  Center 

San  Diego.  CA  92152-6800 

4oo  Arbor.  Ml  48109 
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Dr.  Mary  Jo  Niiico 
Uaiversity  of  Minaoota 
N2U  Elliott  Hall 
Miaonpoiit,  MN  55455 


Diractor,  Trainiaf  Laboratory, 
NPRDC  (Coda  OS) 

Saa  Diafo,  CA  02152-0800 


Director,  Manpower  and  Perioaael 
Laboratory, 

NPRDC  (Code  06) 

San  Diefo,  CA  02152-0800 


Director,  Human  factor! 

A  Orianiiational  Syatema  Lab. 
NPRDC  (Code  07) 

San  Diego,  CA' 02152-0800 


Fleet  Support  Office, 
NPRDC  (Code  301) 
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